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THE .VDSORPTIOX OF STRONTIUM AT FORTY DEGREES BY 
ENAMEL, DENTIN, BONE, AND H'i'DROXYAPATITE -YS 
SHOW'N BY THE RADIOACTHTE ISOTOPE 

Br HAROLD CARPENTER HODGE. ELIZABETH GAVETT, and 
ISABEL THOMAS 

{From the Department of Bioehcmittry and Pharmacology, School of Medicine and 
Dentirtry, The L'nirersity of Rochester, Rochester, S’eic York) 

(Received for publication, October 31, 1945) 

Considerable interest in the proposed use of the radioactive isotope of 
strontium has arisen since Pecher (1) reported that following the adminis- 
tration of S raillicuries of radiostrontium to a patient with osteoblastic 
metastascs of prostate carcinoma, “the general condition . . . definitely 
improved.” Pecher had used radiostrontium clinicalh- after his animal 
mrperimentation (1-3) had shown a “selective concentration” of radio- 
strontium in the bones. He pointed out that the energetic character of 
the Sr” P-rays, the favorable jdelds of Sr” from the cyclotron, and the 
relatively low toxicity of strontium make Sr” a possible therapeutic agent 
for bone tumors. 

Strontium occurs in minute traces in bones and teeth; the fresh tissues 
contain 0.01 to 0.1 y per gm. (4, 5). An argument that began in 1870 
(G) over whether strontium aan replace the calcium in bone and tooth 
mineral was settled in 1923 (7) when the bone ash of strontium-fed rats was 
found to have as little as 32 p)er cent calcium (normal = 37 per cent) with 
a concomitant increment of as much as 4 or 5 per cent of strontium. Stron- 
tium produces a peculiar fault in calcification which, as “strontium rickets” 
in bone and “proliferation of dentinoid” in teeth, has received careful study 
(8-12). However, serious toxic effects are not expected to follow low doses 
of soluble strontium salts (1). 

Pecher (1) has shown by autoradiographs and bj' counting procedures 
that radiostrontium (like radiocalciura) is found in the soft tissues in verj' 
low percentages of the dose given either by mouth or parenterally. In 
contrast, the skeleton takes up large percentages; for e.xample, in mice, 
24 hours after receuang radiostrontium, 33 per cent of the dose was held 
in the hard tissues. Calcium is retained to an even greater degree; in an 
experiment parallel to the one just cited, 58 per cent of a radiocalcium dose 
was present in the skeleton. The distribution of strontium in the body is 
much like that of calcium, but both of these mineral elements differ sharpl3" 
from phosphorus (13) in this respect. The latter is taken up in much 
higher proportions by soft tissues and much less in the skeleton; thus, onlj- 
5- per cent of a dose of radiophosphorus is found in the skeleton 24 hours 

1 
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after injection. The uptake of radiophosphate by powdered bone has been 
described by the Freundlich adsorption isotherm (14); the data given below 
in detail indicate that the uptake of strontium can also be described in this 
fashion (Fig. 1). 

The adsorption of strontium provides an adequate e.\planation for the 
mechanism by which strontium is taken up and held in the bones and teeth. 



•LOG C 

Fin. 1. .\dsorption isotherms of strontium on various calcified tissues and on 
hydroxyapatite at t0°. The curves for bone and for hydro.xyapatite are nearly 
parallel and differ in slope from the nearly parallel curves for dentin and for enamel. 

To test this hypothesis, two calculations based on the data of Pecher may 
be cited.' First, if the assumption is made that strontium in the body is 
luindlcd as if it were calcium, i.c. that the calcium concentration of the blood 
would act ns the controlling factor for strontium as well as calcium e.\- 
change in the bone mineral, the predicted adsorption from the isotherm 
line (Fig. 1) is 24 mg. per gm. of bone. From the percentages of adminis- 
tered nuliostrontium actually found in the skeleton, if each radiostrontium 
atom represented the adsorption of strontium plus calcium in the same 
proportions that characterized these elements in the blood stream, it would 

' Tlic bone.s of I’ccher'.s mice nd.sorbed about 0.2 mg. of Sr per gm. of bone. 
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appear tliat the bone had taken up about 4 mg. per gm. of bone. The fail- 
ure of the calculated bone value to equal the predicted adsorption ralue 
is cndencc that, although strontium and calcium arc distributed in similar 
fashions in the body, the processes of distribution are not identical and the 
two metallic ions are clearly differentiated by the body. Second, additional 
calculations maj- bo kased on the assumption that strontium is handled 
by the blood and bone in equilibria that are controlled by the blood stron- 
tium level. On this basis, if Pccher’s mice had blood strontium levels of 
the order of 0.05 y per ml.,- this level should define the equilibrium which 
has resulted in the fixation by the bone of 0.2 mg. of Sr per gm. However, 
from the isotherm (Fig. I), powdered bone takes up about 3 mg. of Sr 
per gm. at this concentration of Sr in solution. The amount of Sr ad- 
sorbed in riro is much less than would be predicted. However, these cal- 
culations contain many assumptions designed to get around the serious 


T.vble 1 

Data on C'ptate of Strontium 6y Various Calcified Tissues 


Eottllbrnsa, 
eoactsuxlioa e! strea- 
Uca Upproixaute) | 

Awmjr strctxtfaa ptcied cp per fra. 

1 

j Apatite 

Boce 

Dealb | 

Esanet 

Jr ! 

nt. 

nr. 

nr. 

nr. 

2 1 

60 

123 

4S 

20 

2 X 10-» 

34 

7S 

32 

5.3 

2 X 10-s 

19 

51 

21 

0.80 

2 X 10-‘ 

9.S 

25 

u 

0.53 

2 X lU-‘ 

5.1 1 

12 

33 

0.35 


lack of specific data on blood strontium counts. The blood concentration 
has been assumed to be the same as those found in representative soft 
tissues; this may not be the case. In any event, the predicted values 
(from Fig. 1) are large enough to account for the Sr found in the bone so 
that a surface-limited exchange can be taken as a sufficient (although not 
a necessary) explanation. 

The amounts of strontium which are taken up from solutions of SrCI- 
at 40” by powdered bone, dentin, enamel, and hydroxj-apatite are given in 
Table I. Although a 50 mg. bone sample takes up about 6 mg. of Sr from a 
2 M SrCl; solution, this represents only 0.1 per cent of the Sr in the solution. 
In the succeeding dilutions, increasingly larger proportions of the Sr are 
removed from the solutions; specifically, 0.9, 5, 24, and 36 per cent of the 
Sr are taken up from the dilutions, respectiveh", given in Table I. 

It is interesting to note that for strontium, as has been repeatedly ob- 

* Pecher did not measure the blood radiostrontium levels. This value is an ap- 
proximation of the soft tissue levels, e.g. in the liver. 
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served for other ions, under the conditions of the experiment bone takes up 
more than dentin which, in turn, has higher values than enamel. The 
comparative values setting enamel at unity are given in Table II. There 
is a larger difference between the relative values for strontium adsorption 
b3' these tissues than for anj’' ion reported thus far. The cause of this order 
of adsorption has been supposed to lie in the differences in average particle 


Table II 

Adsorptive Power of Calcified Tissues Compared to Enamel As Unity* 


Ions adsorbed 

Bone 

Dentin 


•c. 



PO4 

40 

2.4 

1.3 

n 

200 

6.3 

5.2 

F 

40 

2.3 

1.0 

Na 

40 

1.8 

1.5 

Sr 

40 

8.8 

6.6 


* The fc values arc used to compare the adsorbing power of bone, dentin, and ena- 
mel. For each ion, the ratios were obtained by dividing by the k value for enamel 
( 1 . 0 ). 


Table III 

Adsorption of Various Ions by Calcified Tissues Compared to Strontium As Unity* 


Ions adsorbed 

1 

Bone 

Dentin 

Eoaroel 


•c. 




PO. 

40 

2.1 

1.5 

7.6 

F 

40 


0.5 

1.8 

PO, 

200 

0.1 1 

0.1 


Xa 

40 

0.1 

0.1 


Sr 

40 

1.0 

1.0 

1.0 


* Tlie k values of the Frcundlich equation are eompared for the adsorption of vari- 
ous ions on the calcified tissues. The k values for each tissue have been converted 
by dividing by tlic k for strontium. 


size; however, there is some reason to suspect that differences in density 
arc more important perhaps because the density controls the diffusion 
rates for each tissue. 

Comparing the k values for the ions (Table III) indicates that the ad- 
sorptive power of strontium is to be somewhat less than that of phosphate 
(at 40°), but marked!}' greater than those of fluoride, phosphate at 200°, 
and sodium, respective!}'. This order seems reasonable, since strontium 
would be expected to exchange easily with calcium, and the four solids 
studied are all calcium phosphates. 
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^fcthods 

The method has been previously described in detail (14). Briefly, 50 
mg. samples of powdered bone glycol ash (15), dentin and enamel (16), 
and hydroxyapatite Sample TR3 (17) were stirred for 45 minutes at 40° 
with 25 ml. of SrCl; solutions ranging in various tests from 2 to 0.0002 m. 
The 45 minute period of exposure to the solutions was chosen after studying 
the data from axperiments in which exposure times of 15 to 90 minutes 
were employed. The solutions were decanted after centrifugation and the 
solids washed repeatedly for 10 minutes with distilled water at 40°. Finally 
the solids were dissolved in dilute hydrochloric acid and the solutions 
counted on our Geigcr-Mullcr scale-of-four counters (18). 

Prqyaration of Radiostronlium Solutions — ^Thc radioactive strontium was 
prepared by the bombardment of SrF; on a copper plate by deuterons. 
The nuclear reaction is 

„Sr” + ,H’ » nSr" + ,H> 

We are greatly indebted to Dr. Robley D. Evans of the Massachusetts 
Institute of Technology for furnishing the bombarded sample. Sr*’ has 
a half life of 55 days and emits penetrating /9-raj's of about the same energy 
(ma-ximum, 1.5 m.e.v.) as those from radiophosphorus. These properties 
give a great usefulness to Sr*’ as a biological tracer substance. 

During the bombardment, several isotopes of j'ttrium are produced; 
one of these (Y") has a half life of 100 days and emits penetrating 7 -rays 
on disintegration. 

The sample (copper, strontium fluoride, radioyttrium) was dissolved by 
repeatedly fuming off in concentrated HCl solution. The sample in a few 
ml. of water was added to a solution containing 20 mg. of cupric chloride, 
20 mg. of yttrium nitrate, and 5 ml. of 6 x HCl, and the whole volume 
adjusted to 100 ml. adth water. The solution was saturated with the 
resulting precipitate of the “copper fraction” had 6800 c.p.m.,’ whereas 
the “Sr-Y fraction” had about 800,000 c.p.m. 

The filtrate was freed of H:S by boiling; the volume was evaporated to 
15 mg., the precipitate filtered out, washed, and the filtrate again evapo- 
rated to a final volume of 15 ml. An oxine solution was prepared by dis- 
solving 0.17 gm. of 8-hydroxyquinoline in 12.5 ml. of acetone and diluting 
to 50 ml. with water. 7.5 ml. of this solution were added to the 15 ml. 
solution containing the Sr and Y and 1:1 MH<OH solution was added im til 
the odor of NHj was apparent. The solution turned dark green and a 
precipitate formed (yttrium hydroxyqumolate) which was filtered off. 
The “yttrium fraction” contained 241,000 c.p.m. and the “Sr solution 
fraction” about 113,000 c.p.m. per ml. 

‘ Counts per minute on our scale-of-four counter. 
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The filtrate was evaporated to 15 ml. and 5 mg. of yttrium nitrate were 
added. The separation procedure w’as repeated, substituting 1 : 10 NH40H 
solution for the more concentrated one used before. The “yttrium frac- 
tion” contained 33,400 c.p.m., the “Sr fraction” about 600,000 c.p.m. 
Upon a third separation, the “yttrium fraction” contained 3410 c.p.m., 
the “Sr fraction” 578,000 c.p.m. Further repetitions of the separation 
were considered unnecessary. The Sr was precipitated as the carbonate 
and the working solution of radiostrontium was prepared by using an 
equivalent amount of HCl. 


SUMMARY 

1. Strontium is adsorbed from strontium chloride solutions by various 
calcified tissues and sjoithetic hydroxyapatite. 

2. The adsorption of strontium is according to the folloiving order: 
bone > dentin > enamel. 

3. The adsorption of strontium by powdered bone in vitro is of sufficient 
magnitude to account for the strontium taken up by bone in vivo. 

The authors gratefullj' acknowledge the assistance of John F. Bonner in 
keeping the Geiger-lVIiiller counters in operating condition. 
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ENZYMIC NATURE OF THE CAROTENE-DESTROYING SYSTEM 

OF ALFALFA* 

Br H. L. MITCHELL and S. M. HAUGE 

{From the Department of Agricultural Chemistry, Purdue University Agricultural 
Experiment Station, Lafayette) 

(Received for publication, December 7, 1945) 

Rapid destruction of carotene occurs in aFalfa during the field curing 
process. The loss under good curing conditions may be 45 to SO per cent 
of the carotene originally present (1—4). Hauge and Aitkenhead (5) and 
Hauge (6) presented evidence tvhich indicates the presence of a carotene- 
destroying enzjTne system in alfalfa. The belief that the destruction of 
carotene during field curing may be largely enzymic in character is sup- 
ported by later investigations (7-10). This view has been based chiefly 
on the obseiwation that autoclaving or blanching of alfalfa prevent'- the 
destruction. 

The present investigation was conducted to determine the time-tempera- 
ture relationships involved in the inactivation of the carotene-destroying 
system by heat, and to obtain additional data concerning the enzjinic 
nature of the sj’stem. 


EXPERIMENTAL 

To insure a series of samples that would be uniform uith respect to 
maturity and conditions of growth, fresh field-gror\Ti alfalfa was brought 
to the laboratorj', the leaves were removed, thoroughly mixed, and 5 gm. 
portions of the leaf tissue were placed in 1 ounce bottles. The bottles 
were stoppmred and stored at —15° until used. Dry matter was deter- 
mined at the time of storage. 

Inaclivation of Syslem by Heat Treatment of Plant Tissue — 5 gm. portions 
of frozen tissue were spread on a paper and defrosted at room temperature 
for 7 minutes. Each defrosted sample was placed in a 1 inch cube made of 
wire screen. This was dipped in water at a definite temperature for a 
definite period of time, removed, and cooled bj' plunging into cold water. 
Each sample was transferred to a bottle, stoppered, and incubated at 
37° for 24 hours. Carotene was determined by a modification of the method 
of Moore and Ely (9). Measurements were made with a Beckman spec- 
trophotometer at 4360 A. 

The results of this experiment are presented in Figs. 1 and 2, from which 
it is seen that heat treatments prior to incubation greatlj' affect the preser- 

* Journal Paper Xo. 242 of the Purdue University .Agricultural ExperimentStation. 
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I'lo. 2. Hate of inactivation of the enzymes in alfalfa leaves at difTcrent tempera 
lures (initial value, -113 y per gm. of drv matter). 
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vation of carotene. As seen in Fig. 1, the ina.\imum inactivation of the 
carotene-destrojing sx-stem at a given temperature was obtmncd in 2 
minutes, since heating the tissue for 4 minutes did not result in greater 
presen-ation of c.arotene. The amount of inactivation increased rapidlj* 
between 65-80°. 

From Fig. 2 it is apparent that inactivation is a function of both tem- 
perature and time. The carotene content of the leaves before heat treat- 
ment was 413 y per gm. of dry matter. 89 jjer cent of the carotene xvas 
retained after the leaves were heated at 100° for 3 seconds and subsequently 
incubated, while 93 per cent was retained after treatment at 90-100° for 
10 seconds. Only 55 per cent was retained after heat treatment at 70° 
for 10 seconds, followed bj' incubation. 

Inaclivation of System by Heal T realment of Plant Extracts — Waugh et al. 
(9) showed that aqueous extracts of alfalfa destroyed carotene when used 
according to the method of Reiser and Fraps (11) for measuring the lip- 
oxidase actixity of legume seeds. The effect of heat on the actixdty of an 
alfalfa extract was studied by this technique. 

An aqueous extract xvas prepared with a Waring blendor by dispersing 
5 gm. of whole alfalfa tissue grown in the greenhouse in 200 ml. of water. 
Portions of the extract were heated in a water bath for 5 minutes at x-arious 
temperatures. The carotene-destroying actixnty of each heated e.xtract was 
measured by an adaptation of the method of Reiser and Fraps. 

Into a 25 X 250 mm. tube xvere pipetted 2 ml. of the alfalfa extract, 2 
ml. of phosphate buffer of pH 6.5, and 2 ml. of water. The contents of the 
tube were mixed and 1 ml. of a carotene solution was added. The carotene 
solution contained 90 y of carotene and 0.6 mg. of Wesson oil per ml. of 
acetone. The tube xvas placed in an incubator at 37° for 1 hour. 50 
ml. of heptane (petroleum ether, b.p. 90-100°) xvere pipetted into the tube. 
About 15 ml. of 95 per cent ethanol xvere added to facilitate e.xtraction of 
the carotene from the aqueous phase by the heptane. The tube was 
stoppered, shaken vigorously, and the contents xx-ere transferred to a 
separatory funnel. Water xx-as added to facilitate the separation of the 
heptane extract, after which the aqueous phase was draxx-n off. The 
heptane solution xx-as shaken xx-ith 10 to 15 ml. of a 25 per cent solution of 
KOH in methanol to remox'e chlorophyll. The heptane was xvashed with 
xx-ater until free from alkali and was dried xxith anhydrous Na^O<. Caro- 
tene was measured xvith a Beckman spectrophotometer, as prex-iously 
described. A blank determination xx-as made by substituting an equal 
volume of water for the alfalfa extract. Carotene-destrox-ing actix-itj- 
was expressed as per cent destruction of the carotene. 

The results of this experiment, presented in Fig. 3, show that aqueous 
extracts of alfalfa contain a carotene-destroj-ing system which is inactix-ated 
by heat. Maximum inactix-ation was obtained at about 70°, somewhat 
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lower than the temperature of maximum inactivation of the system m the 
intact leaf. 

Since inactivation by heat is one of the characteristics of enzyme sys- 
tems, the heat lability of the carotene-destroying system strongly suggests 
the enzymic nature of this system. 

Destruclion of Carotene in Blanched Alfalfa Leaves by Added Extracts — If 
the material which is water-soluble and which shows activity by the Reiser- 
Fraps method is the same material that causes destruction of carotene m 



Fig. 3. Effect of lieat on the carotene-destroying activity of an extract of alfalfa 
leaves. 

alfalfa, it should cause destruction of carotene when added to alfalfa leaves 
in which the carotene-destroying .system has been inactivated by heat. 

Alfalfa juice was obtained by defrosting frozen alfalfa leaves and e.\'- 
pelling the juice in a hydraulic press. 30 ml. of the juice were blended ivith 
5 gm. of blanched alfalfa leaves in a small Waring blendor cup. The mLx- 
ture was incubated for 8 hours at 37°. A control was prepared by blending 
30 ml. of water with blanched leaves and incubating for 8 hours at 37°. 
Carotene was determined as previouslj' indicated. 

Since a lipoxidase has been reported by Sumner (12) to be present in 
alfalfa, and since soy bean lipoxidase is known to bleach carotene solutions 
if unsaturated fat is present (13), an experiment was conducted to determine 
the effect of soy bean lipoxidase upon blanched alfalfa leaves. 0.1 gm. of 
defatted soy bean meal was ground with 30 ml. of HjO in a mortar. The 
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resulting suspension was added to 5 gm. of blanched leaves in a small 
■Waring blendor cup and treated as described above. 

The results of these experiments, as presented in Table I, show that 
both alfalfa juice and soy bean lipoxidase are capable of destroying carotene 
in blanched leaves. It can therefore be concluded that the carotene- 
destroying system of the leaf is soluble in water and that its solution can 
destroy carotene in comminuted plant tissue as well as in carotene solu- 
tions. 

Agents Affecting Activity of Aqueous Extracts — Although the preceding 
experiment indicates that destruction of carotene in alfalfa may be due 
to a lipoxidase, it is possible that other substances may be present in the 
e.xtract which are responsible for the destruction. A series of e.xperiments 
was conducted to elucidate the enzymiic nature of the sj'stem further. 


T.A.BLE I 

Effect of Adding Alfalfa Juice and Soy Bean Lipoxidase to Blanched Alfalfa Leaves 


Tfeattnent 

Cirotese 


1 Lo5S 


yfertri. dry 

512 

■gi 


482 



289 


“ “ Boy bean lipoxidase 

317 



An extract was prepared by dispersing 5 gm. of defrosted alfalfa leaves 
in 200 ml. of water with a Waring blendor. The extract was filtered. 3 
ml. aliquots were placed in 25 X 250 mm. tubes and the weight or volume of 
the various reagents as shonn in Table II was added. The tubes were 
allowed to stand at room temperature for 1 hour, after which the carotene- 
destroying activity was measured both in the absence and in the presence 
of added oil by the adaptation of the method of Reiser and Fraps. The 
carotene solutions employed were: (1) 90 y of carotene per ml. of acetone 
and (2) 90 y of carotene and 0.6 rag. of Wesson oil per ml. of acetone. 

In the final experiment of this series, 50 ml. of the extract were half 
saturated with (NIRjzSOi and centrifuged. Carotene-destroying aetb-itj’- 
was determined on 3 ml. of the supernatant liquid. The precipitate was 
dispersed in 50 ml. of the phosphate buffer (pH 6.5) and the carotene- 
destroying activity was determined on a 3 ml. aliquot. The results of 
these e.xperiments are presented in Table II. 

The protein coagulants, heat and ethanol, and the protein precipitants. 
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CUSO4 and Pb(0Ac)2, caused partial or complete loss of carotene-destroying 
activity. Likewise formaldehyde and pancreatin, which modify the 
structure of proteins, reduced the activity of the system. Inactivation by 
NaCN and thiourea, which is characteristic of many o.vidizing enzymes, 
is in agreement with the observation of Silker et al. (10) that the addition 
of these substances to fresh ground alfalfa tends to preserv'e the carotene 

Table II 


Effect of Various Treatments on Carotene-Destroijhig Activity of Extracts of Alfalfa 


Treatment of extract 

Carotene destroyed 

1 

Original activity 

Material added 


1 No oil 
' added 

Oil added 

No oil 
added 

1 Oil added 


ms per 3 ml. 

per ceftt 

per cent 

per cent 

1 percent 

None. . 


36.8 

53,6 

100 

100 

Na:SO, 

10 

38.8 

50.5 


' 94.2 

« t 

50 

29.0 

47.6 

78.8 1 

88.8 

NaCl 

10 i 

38.3 

48.9 

104.0 

91.2 

U 

SO 

26.3 

41.4 

71.4 

76.9 

(NHdsSO, . • • • 

SO 

27.0 

41.5 

73.3 

76 7 

NaF 

10 

28.5 

42.5 

77.5 

79.3 

NaCN . ... 

10 

2.8 

0.0 

7.5 

0.0 

Thiourea 

10 

11.0 

17.9 

29.9 

33.4 

CuS04-5H50 

10 


3.1 


5.8 

Pb(OAc )2 

10 

12.9 

21.8 

35,0 

40.7 


50 

1 

2.5 


4.7 

Pancreatin 

50 

4.0 

4.2 

10.9 

7.8 

Ethanol, 95% . 

(Iml.) 

11.2 ! 

20.1 

30.4 

37.5 

“ • 95% ... 

(2“ ) 


5.9 


1.1 

Formaldehyde, 5% 

(1 “ ) 

15.6 

19.6 

42.4 

36.6 

(NH4)2S04, ppt. 

Half saturation ! 


42.1 


78.3 

“ filtrate 

1 

1 


10.1 


18.8 


during dehydration. NaF, which is a strong inhibitor for hydrolytic 
enzymes, had relatively little effect on the system. 

In contrast to CUSO4 and Pb(OAc)2, NajSOi and NaCl had no inhibitory 
action at the lower concentration studied. At the higher concentration 
these salts, along with (NHiloSO^, caused a slight reduction of activity. 

The active principle can be salted-out by half saturating the extract with 
(NH4 )oS 04. The extract after salting-out had little activity. 

The results of these experiments, together with the heat inactivation 
studies already discussed, clearly indicate the enzymic nature of the caro- 
tene-destroying system. A lipoxidase is shown to be present in the ex- 
tract by the fact that greater destruction of carotene occurred when oil 
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was added than when oil was not added. The destruction of carotene in 
the absence of added oil may also be due to lipoxidase activity if it is 
assumed that the small amount of oil which might have been dispersed in 
the extract from the leaves was sufficient for the reaction. If not, another 
enzj-me is indicated. However, the effect of a given treatment in the 
presence and in the absence of added oU was similar when compared as 
percentage of the original acti\-ity. This suggests that the destruction of 
carotene is due to one enzjTiie. 


DISCUSSION' 

The data on the relation of time and temperature to carotene preseiwa- 
tion may be of importance to the engineer in the development of equip- 
ment for the production of alfalfa hay and leaf meal of high carotene 
content. To be of practical value, the heat treatment must be of short 
duration. This period of treatment may be less than 10 seconds at 90-100° 
if the heat transfer is efficient. However, preliminary* experiments in this 
laboratory showed that inactivation could not be obtained by subjecting 
the plant tissue for short periods of time to a stream of air heated to 200°. 
The evaporation of water prevented the leaves from reaching the tempera- 
ture necessary for inactivation of the enzyme. Therefore, in the design 
of equipinent, consideration should be given to methods for the effective 
transfer of heat to the tissue. 


strMM-XRr 

Evidence is presented for the enzymic nature of the carotene-destroying 
system of alfalfa. The enzyme involved appears to be a lipoxidase. 

The enzyme was partially or completely inactivated by heat, ethanol, 
CuSOi, Pb(OAc);, formaldehyde, pancreatin, XaCX, thiourea, and XaF, 
but not by Xa-SO^ and XaCl. The enzyme was salted-out of solution by 
half saturation adth (XH<):!S 04 . 

The inactivation of the enzyme by heat was a function of both tempera- 
ture and time. Maximum inactivation occurred in the plant tissue above 
80 and in plant extracts above 70°. Virtually complete inactivation of 
the enzyme in the plant tissue was obtained at 90-100° in less than 10 
seconds. 

The practical application of this information is indicated. 

BIBLIOGRAPHY 

1. Russell, W. C., Taj-lor, M. tV., and Chichester, D. F., Xew Jersey Agr. Exp. Sla., 

Bull. BBO (1934). 

2. Dexter, S. T., and Moore, L. A., Michigan Agr. Exp. Sla., Quart. Bull. SO (1937). 



14 


CAROTENE-DESTROYING SYSTEM OF ALFALFA 


3. Leonard, O. A., Mississippi Farm Res., 2, No. 11, 2 (1939). 

4. Camburn, 0. M., Ellenberger, H. B., Jones, C. H., and Crooks, G. C., Vermont 

Agr. Exp. Sta., Bull. S09 (1944). 

5. Hauge, S. M., and Aitkenhead, W., J. Biol. Chem., 93, 657 (1931). 

6. Hauge, S. M., J. Biol. Chem., 108, 331 (1935). 

7. Guilbert, H. R., J. Nutr., 10, 45 (1935). 

S. Jones, T. N., Leonard, 0. A., and Hamblin, I. E., Mississippi Agr. Exp. Sta., 
Tech. Bull. Sr (1941). 

9. Waugh, R. K., Hauge, S. M., and Hilton, J. H., J. Dairy Sc., 27, 585 (1944). 

10. Silker, R. E., Schrenk, W. C., and King, H. H., Ind. and Eng. Chem., Ind. Ed., 3S, 

831 (1944). 

11. Reiser, R., and Fraps, G. S., J. Assn. Official Agr. Chem., 26, 186 (1943). 

12. Sumner, R. J., Ind. and Eng. Chem., Anal. Ed., 16, 14 (1943). 

13. Sumner, J. B., and Sumner, R. J., J. Biol. Chem., 134, 531 (1940). 



MANGANESE AND /-LEUCINE-AMINOEXOPEPTIDASE 

Br EMIL L. SMITH' 

{From the Laboratories of The Rockefeller Institute for Medical Research, Xeic York) 
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In recent years, it has become evident that there are at least three dis- 
tinct groups of proteolj-tic enziTnes, as judged by the conditions required 
for the manifestation of their activity (Bergmann (1) p. 49). One group 
including tiypsin, pepsin, and carboxj’peptidase as mell as others is not 
knonm to possess ani' special active grouping other than amino acids. On 
the other hand, certain of the enzAunes of both plant and animal tissues 
require activation bj' such substances as HCX, ascorbic acid, cj'steine, 
and glutathione; this group is e.vemplified by papain, ficin, and some of the 
cathepsins. In addition to these well known enzi-mes, there are additional 
proteases whose acthdty is strongly enhanced by the presence of metal 
ions, such as Mn++, Jtlg+^, Zn"^, and Co+^; this group appears to include 
many but not all of the peptidases present in animal and plant tissues 
(Johnson and Berger (1) p. 69). 

The enzymes of this last group are present in active form in the tissues, 
as is shown by the fact that the acthdty of crude extracts is not increased 
by the addition of metal ions. However, the metal appears to be looseli' 
bound and can be readily removed b}' dialysis. Much of the information 
regarding these peptidases has been obtained on dialyzed crude extracts 
but a few studies have been made on highly purified enzj-me preparations. ‘ 
Johnson (2) has studied a peptidase from yeast which is activated by zinc or 
cobalt and requires the presence of halide ions. Highly purified Meucine- 
aminoexopeptidase from intestinal mucosa is activated by manganese and 
by magnesium (3, 4). Both of these enzymes hydrolyze Meucylglycine 
and Meucylglycylglycine verj' rapidly. Some er-idence has ahead j' been pre- 
sented to show that the manganese activation of intestinal Z-leucine- 
aminoe-xopeptidase is a true combination between the inactive protein and 
the metal ion. This is indicated by the fact that the combination of 

* Most of the work described in this paper was carried out in the laboratorj- of the 
late Dr. Max Bergmann at The Rockefeller Institute for Medical Research in I&tl~42. 
It was hoped that further studies on intestinal peptidases could be performed but 
because of the circumstances of the last few years and the untimely death of Dr. 
Bergmann this hope has had to be abandoned. The electrophoretic studies were 
made at the Biological Laboratories, E. R. Squibb and Sons (the author's present 
address). The work owes much to the advice and interest of Dr. Bergmann. The 
author also wishes to e.xpress his gratitude to Dr. Joseph S. Fruton for much help and 
for critically reading the manuscript. 


IS 


16 


Z-LEUCINE-AAIINOEXOPEPTIDASE 


protein mth the activator metal is a time reaction. Herein, it vill he 
shovTi that the activation of the enzjnne is consistent Avith mass law con- 
siderations, and that active enzyme preparations dissociate on dilution in 
the absence of excess manganese. We have recently had the opportunity 
to study the electrophoretic behavior of our enzyme preparations and these 
experiments also bear on this problem. 

EXPERIMENTAL 

Enzyme activity was determined as previously described (4). Acthity 
was determined from the first order velocity constants K where Kt = 
log a/ {a — x) at enzyme concentration B expressed as mg. of protein N 
per cc. of test solution. The proteolytic coefficient C = K/E. Substrate 
hydrolyses were carried out in 2.5 cc. volumetric flasks at 40°, and were 
measured on 0.2 cc. samples by the titration method of Grassmann and 
Heyde (5). Z-Leucinamide was used at a concentration of 0.05 m and dl- 
leucylglycine at 0.1 m. Solutions were buffered by the addition of 0.5 to 
1.0 ml. of 0.1 M veronal buffer to the test solution. Incubations of Mn++ 
with enzyme in the absence of substrate w'ere carried out in 5 or 10 cc. 
volumetric flasks containing 3 to 6 cc. of veronal buffer. 

The purified enzyme preparations used in these studies have already 
been described (4). These preparations show less than 2 per cent of their 
maximal activity in the absence of added manganese. Reactivation of the 
enz3’’me is a time reaction which requires many hours to attain first order 
kinetics with Z-leucylglj'cine or Z-leucylglycjdgh’^cine as the substrate. Con- 
currentlj', some loss of activity’- occurs. However, udth Z-leucinamide the 
data more closely approach first order kinetics after incubation of Mn'^ 
ivith the protein for 3 hours at 40° and pH 8.0. This substrate is more 
suitable for kinetic studies even though the enzyme hydroly'-zes the amide 
at about half the rate that it hy^drolyzes the di- or tripeptides. All of the 
evidence available at present indicates that Z-leucinamide and Z-leucyl- 
gly’cine are hy’drolyzed by the same enzynne, and that activation or de- 
struction of activity towards one substrate is accompanied by a parallel 
change towards the other substrate. 

Effect of Manganese Concentration — Since the enzyme consists of a labile, 
protein-metal compound, a study was made of the equilibrium constant 
of the reaction 

Protein -f- Mn-*^ (Mn'*^-protein) « 0) 

by vary'ing the iMn++ concentration at constant protein concentration. The 
data for such an experiment are presented in Table I. The results show 
the characteristic data for an equilibrium of the kind postulated by’ Berg- 
mann ((1) p. 49), and can be described by’ the general mass law equation 

A'„ = X/U - A') [Mnl (2) 
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Table I 

Effect of Manganese Concentration on l-Leucine-aminoczopeptidasc 
- A constant amount ot enzyme (protein N, 72.0 y per cc.) was incubated with 
various concentrations of MnSOi for 3 hours at 40° and pH 8.0. A sample of each 
mixture was then added to the teat solution of f-leucinamide. The enzyme con- 
centration was 11.5 y of protein JC per cc. in the reaction mixture. The concentra- 
tions of Mn^ given below arc for the reaction mixture; the incubation mixture 
contained 6.25 times as much. The two separate sets of data were obtained on 
successive days. 
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where A”” is the amount of enzyme (proportional to (7 la) present at dififereat 
Mn++ concentrations, A is the maximal enz 3 ’-me activity (proportional to 
•maximal Cla), and Ka is the association constant. In the last column of 
Table I are given the calculated values of Cla. from Equation 2 where A 
is 1.27 and Ka is 25,000 molar~‘ {Ka, the dissociation constant, is 4.0 X 
10"^ molar where Ka — l/Ka). The calculated values show that the sug- 
gested mechanism of a dissociable metal-protein compound is in agreement 
vith the data. 

While the data of Table I for the separate hj-^drotyses have been calculated 
on the basis of first order kinetics, there is some uncertainty that this 
mechanism applies, particularty at low Mn++ concentrations when the data 
show increasing values of first order constants during the course of the 
measurements. This might be interpreted as showing that activation is 
incomplete. A second possible explanation of the aberrant results at 
low Mn"^ concentrations is that the substrate concentration is high enough 
to saturate the small number of active enzyme molecules, thus resulting in a 
zero order mechanism. The data at the lowest Mn++ concentrations are 
indeed well described by the zero order mechanism. It is possible that 
the conventional use of synthetic substrates at 0.05 m concentration may 
be too high for first order kinetics with this enzyme when low concentrations 
of active enzyme are employed. However, these factors, completeness of 
activation and relative concentrations of substrate and enzyme, do not influ- 
ence the conclusions dra^vn regarding the activation mechanism by Mnty 
The concentration of active enzyme at anj' value of Mn++ can be computed 
bj'' using the reciprocal of the time necessari' to effect a constant quantity of 
substrate hydrolysis. From the relationship of active enzyme at different 
Mn++ concentrations, the data obtained are w'ell described by Equation 
2 and yield essentiallj'’ the same dissociation constant; for 50 per cent 
hydrolysis, Ka = 4.8 X 10“^ and for 75 per cent hj'^drolysis, Ka = 4.0 X 
10 -=. 

With leueylgbrnine as the substrate, the kinetics of the enzyme are 
complicated bj'’ a greater degree of zero order kinetics at low' enzyme con- 
centration and a longer activation time. It w^as therefore not possible 
to obtain satisfactorj' quantitative data, but the same general effect of 
vai-ying Mn++ concentration was found. With Mg++ as the activating 
metal, complete activation of the enzyme could not be obtained even with 
24 hours activation at pH 8.0 and 40°. With both Mn++ and Mg++ low'er 
pH values decrease the rate of activation; higher pH values result in the 
formation of large amounts of insoluble hydroxides. Nevertheless, the 
data obtained with Mg++ showed that at least 10-fold higher concentrations 
of this metal were required to effect maximal activation as compared with 
Mn++. 
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Efect of Enzyme Conccnlralion on Aclivily — Evidence of the lability of 
the active enzjme can also be obtained by another method. A large 
amount of active enzjTne was formed bj’ incubating the protein vith suffi- 
cient Jkln+^ to produce maximal activation. Different quantities of this 
incubation mixture were then added to the test substrate. If the active 
enzyme were completely stable, the proteoK'tic coefficients (C) should be 
constant, indicating a strict proportionality of activity to enzjme concen- 

T.ible II 

Dissociation of l-Lcucinc-aminoexopcplidasc by Dilution 
A buffered solution of MnSO( (0.02 ii) and protein (36 y of protein N per cc.) was 
incubated for 3 hours at 40° and pH S.O. Aliquots of the incubation solution were 
then added to the test solution of f-leucinamide. 


pin**] X 10* 

Protein X 

Time 

Hydrolysis 

c 

C average 

ruUs per L 

y ptr «. 

ni«. 

per ctnt 



4.0 

0.72 

90 

11 

0.76 




150 

19 

0.83 




210 

24 





240 

27 

BEH 

0.79 

8.0 

1.44 

90 

24 





150 

37 





210 

47 

0.92 




240 

51 

0.90 

0.92 

16.0 

2.88 

30 

20 

1 1.12 




60 

31 

0.94 




120 

55 

1 1.01 




150 

64 

1.03 

1.03 

24.0 

4.32 

30 

29 





45 

40 





60 

51 





75 

55 





120 

78 


1.17 

40.0 

7.20 

30 

42 

1.09 




60 

66 

1.09 




75 

77 

1.18 

1.12 









tration, or if the amount of enzj-me were high in relation to substrate con- 
centration, the relative C values should decrease with increasing enzyme 
concentration (\''an Slyke (1) p. 33). Actually, the data in Table II 
indicate that at the lower enzyme concentrations there is a deficit of 
enzyme activity. Since satisfactoiy first order velocitj^ constants are 
obtained at each enzyme concentration, there is no appreciable inactiva- 
tion of the enzjme during the measurements. This shotVs that the 
enzjme is stable at low protein concentrations and the lack of propor- 
tionalitj’- between protein concentration and activitj' must be due to some 
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other cause. The decrease in activity at low concentrations can be inter- 
preted as due to a dissociation of the active enzyme into its component 
parts, protein and manganese. The dissociation appears to be instanta- 


Table III 

Enzyme ConcentTolion and Activity after Prolonged Incubation 
The protein (6.63 y of protein N per cc.) was incubated with 0.01 m MnS 04 at 
40° and pH 7.9. Aliquots were then pipetted into the reaction flasks containing 
dMeucylglycine (0.1 mM per cc.). 


Time of 
iDCub:\tion 

Protein N 

1 

(Mn^J X 10* 

' Time 

Hydrolysis I 

i 



hrs. 

y per cc. 

moles Per 1. 

min. 

per cent 




2.65 

40.0 

30 

18 

1.09 





60 

41 

1.43 





90 

70 

2.19 1 





150 


1 


3 

2.65 

40.0 

30 

1 30 

1.96 





60 

51 

1.96 



1 

1 

90 

1 72 

2.30 


17 

0.265 

4.0 

150 

' 4 

0.43 1 





270 

6 

0.35 1 





360 

7 

0.35 

0.38 


0.663 

10.0 

150 

10 

0.46 





270 

16 

0.42 



i 


360 

21 

0.44 

0.44 


1.33 

20.0 

150 

17 

0.40 





270 

27 

0.39 





360 

37 

0.42 

0.40 


1.99 

33.3 

150 

25 

0.42 





210 

32 

1 0.40 



i 


270 

38 

0.39 





360 

51 

0.43 

0.41 


2.65 

40.0 

30 

1 7 

1 0.42 





60 

14 

0.41 





90 

' 23 

0.48 

1 




210 

47 

0.50 





270 

55 

0,48 

0.46 


3.98 

60.0 

150 

! 44 

0.43 





210 

56 

0.43 




1 

270 

1 68 

1 

0.46 

0.44 


neous vathin the time limits of these experiments. These data for the 
dissociation of the enzyme can be described by Equation 2. 

Enzyme activity proportional to concentration is observed with the 
peptidase over a wide range of enzyme concentrations, provided the ratio 
of Mn++ to protein is extremely high. Under these conditions, the ten- 
dency to dissociation is repressed. Such an experiment is presented in 
Table III in which dl-leucylglycine is used as the substrate. Incubation 
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of the protein and was for 17 hours at 40°. This resulted in the in- 
activation of about 80 per cent of the activity for this substrate but the 
reaction between manganese and protein is complete. The data in Table 
III also show the characteristic rising constants when there is no incubation 
of protein and Mn++. 

For the e.vperiments at higher enzyme concentrations (Table I), the 
actmty would be expected to remain constant at manganese concen- 
trations higher than 0.002 .m, whereas at the lower enzyme concentrations 
(Table III) the actmt}' is constant at 0.0004 si manganese. It can be 
predicted that the effect of manganese concentration at different protein 
concentrations should produce a family of curs'es in which the apparent 
dissociation constant should var}' with the protein concentration. The 
dissociation constant calculated for the data in Table I therefore holds 
only for the particular protein concentration. 

It should be remarked that the situation which has been found to apply 
to this enzjnne is not unique. Dissociation phenomena leading to apparent 
lack of proportionalitj' between the amount of enzjnne and the measured 
actmty will be found for all enzymes which contain a dissociable pros- 
thetic group. Such instances may be obser%-ed in the data recorded by 
Ining, Fruton, and Bergmann (6) for the enzjTnes papain and ficin. These 
enzjmes showed strict proportionality of velocity constants to enzjme 
concentration when cj'steine was used as the activator. However, when 
HCN was used as the activator with either of these enzymes, or when ficin 
was studied without added activator, the velodtj- constants increased more 
rapidly than did the enzjme concentration. These data indicate that at 
the lower enzjme concentrations dissociation of an enzjTne-activator 
complex occurred and the activator was actuaUj’’ at too low a con- 
centration to maintain complete activation. It should be possible to 
measiue the dissociation constants of these enzjmes for their different 
activators, and it can be predicted that cj'stein e-papain and cysteine-ficin 
have smaller dissociation constants than their corresponding HCN enzjmes. 
These data give an additional indication that cj’steine, HCN, and other 
“activators” do not act only bj' effecting some change such as reduction in 
the enzyme. Data of the kind cited can best be explained by the existence 
of labile equilibria of the enzjme and prosthetic group. This is in complete 
accord with the equilibria postulated bj' Irving, Fruton, and Bei^mann(7) 
for the activation of papaia-/3-trj'psinase. 

Manganese and Enzyme Slabiltly — ^t'^an Slyke ((1) p. 33) has pointed out 
that part of the activating effect of manganese on arginase described bj' 
Hellerman and Stock (8) maj^ be due to the increased stabilitj’’ of the 
enzjme in the presence of the metal ions. If such were the case for the 
enzjme used in these e.xperiments, it might speak against the existence of a 
true compound of Mn++ and protein. It has already been pointed out 
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that the metal-free protein is, at the same temperature and pH, much more 
stable than is the Mn++-protein compound (4). It was therefore of some 
interest to examine the stability of the leucine-aminoexopeptidase at differ- 
ent manganese concentrations (Table IV). For the short incubation (3.5 
hours), the enzyme is not fully activated and it is not possible to compute 
precise proteolytic coefficients. Nevertheless, during the 96 hour incuba- 
tion it may be computed that more than 95 per cent of the activity is lost 
at the two higher manganese concentrations, while at the lower concen- 
trations there is no apparent loss of activit 3 \ The apparent complete 
stabilitj' under the latter circumstances is somewhat fictitious. Since onl 3 ' 

Table IV 

Slabilily of l-Leucine-aminoexopcptidase at Different Manganese Concenlralions 
Incubation of protein (33.1 y per cc.) was at 40° and pH 8.0 at concentrations of 
MnSO^ 12.5 times those given below. The samples were then tested for activity with 
dl-leucylglycine as the substrate. The enzyme concentration in the test mi.\tures 
was 2.G5 y of protein N per cc. 


Time of 
incubation 

[Mn^l « 8 X 
io*« 

« 8 X 
io-» 

= 8 X 
10-* 

|Mn*+) = 2 X 
I0-* 

No added Mn 

Time 

Hydrol. 

ysis 

Time 

Hydrol- 

ysis 

Time 

Hydrol- 

ysis 

Time 

Hydrol- 

ysis 

Time 

Hydrol- 

ysis 

hrs. 

min. 

pcreenl 

1 win. 


win. 

per cent 

win. 

per cent 

mm. 

percent 

3.5 

30 

29 



■1 

10 


9 

210 

0 


60 

52 

60 



19 

■bB 





90 

73 

90 


180 

42 

210 





210 

91 

210 

84 

210 

51 





96.0 

120 

5 

120 


120 

31 

120 

12 

360 

2 


270 

S 

270 1 


270 

49 

270 

28 




360 

8 

360 


360 

54 

360 

37 


1 

Activity re- 


j 









maining,% 

Less than 5 

Less than 5 j 

More than 95 

Co. 100 

1 



about 10 to 20 per cent of the enz 3 TOe is activated, it will be this activated 
enz 3 'me which is destroyed and more active enzyme will form by combina- 
tion with manganese in accordance with the equilibrium postulated in Equa- 
tion 1 . As long as there is a sufficient reserve of unactivated protein, there 
will be no apparent loss of activit 3 ’', but when this reserve is exhausted, the 
measured amount of enz 3 TOe nill decrease. 

Eleclrophorelic Analysis — ^Recentl 3 '’, the opportunity was available for 
electrophoretic anal 3 "sis of two of our enz 3 TOe preparations. These prep- 
arations were made in 1941. Preparation C was prepared as previously 
described (4) b 3 ' precipitating the extract of an acetone-dried powder ivith 
ammonium sulfate (40 to CO per cent saturation). Preparation D was 
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collected from the supernatant of Preparation C bj' raising the ammonium 
sulfate concentration to 80 per cent of saturation. Both Preparations C 
and D were thoroughly dialyzed in the cold against distilled water, the 
insoluble precipitates discarded, and the clear filtrates dried in vacuo from 
the frozen state and held in the desiccator. After 4 years, no loss in 
solubility had occurred. Electrophoresis was performed in a Tiselius 
apparatus equipped with the Longsworth scanning device (9). Only the 
descending boundaries were used for measurement. The runs were per- 
formed at 1“ in veronal buffer of an ionic strength of 0.1. 

The data for two runs are presented in Table V. Preparation C which 
. had a proteolj'tic coefficient (Clg) of 1.9 showed the presence of three com- 

Table V 

Ekcirophorcsis of Preparations of l-Lcucine-aminoexopeplidase 
Electrophoresis was performed at with veronal buffer of ionic strength 0.1. 
pH values were measured with a glass electrode at 25°. Mobilities are in sq. cm. 
per volt second. 


Preparation 


1 Con- 

Component 

pH 

1 

; tiOQ 

u X 
to* 

1 

ttX 

10* 


uX 

to* 

! 

« X 
to* 


ttX 

to* 




p<r c<Ht 


per 

tent 


per 

eeni 


per 

cenl 

i 

per 

eent 


per 

cent 


C. 40-€0ro satu- ! 














rated (XH,)s- i 
SO, ’ 

1.9 

0.8 



i 

i 


4.3 

42 

5.5! 

n 

6.8 

41 

18.33 

D. 60-80% satu- 






j 







1 

rated 

SO, . 

1.2 

1.2 

2.3j 

2 

3 1 

13 

4.7 

23 

j 


6.6 

62 

■8.50 


ponents. Preparation D which was of lower activity had even more bound- 
aries. Comparison of the two preparations indicates that the component 
of mobility 4.3 to 4.7 is the only one which bears a relationship to the en- 
zjTne activity. It is therefore likely that the enzyme activitj' is associated 
uith this component. If it is assumed that all of this component is the 
enzjTne, it may be calculated that the homogeneous enzyme, would have 
a proteolytic coefficient (Clg) of 4.5 calculated from the 42 per cent purity 
, of Preparation C. It should be remarked that the highest actmty re- 
ported for any proteolj'tic enzj'me is 8.5 for carbobenzo.vj'glycj'l-f-phenj'l- 
[ alanine (10). The pure Weucine-aminoexopeptidase would therefore be 
expected to have an activity of approximately the same order of magnitude. 

Preparation C was redialj'zed with the same buffer plus 0.001 m Mn+'*' 
j and ron in the electrophoresis apparatus as before. Distinct changes in 
^ mobility Were found: one component changed from 4.3 to 3.8 X 10"^, and 
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the fastest from G.8 to 5.3 X 10“^; the intermediate component could no 
longer be distinguished, and appeared to be included Avith the other 
tAvo. With the smaller difference in the mobility of the compon- 
ents, the separation AA^as no longer as distinct as earlier in the short 
time (150 minutes) during Avhich good observation was possible at the low 
protein concentration. Similar decreases in the mobilities Avere found Avhen 
the electrophoretic behavior of Preparation D AA'as observed in the presence 
of 0.001 M MnS04. 

The observed drop in the mobilities suggests a suppression of carboxyl 
groups and is consistent AAuth the vieAV that the combination of Mn++ AA’ith 
the proteins is non-ionic in nature, Avhieh is also indicated by the long 
activation time of the enzyme. Since it is knoAAii that electrophoretic 
mobility may be correlated AAuth the titration curves of various proteins 
(11, 12), the observed mobility changes are in agreement Avith observations 
of Main and Schmidt (13) on the combination of Mn++ AAuth proteins 
and amino acids. 


DISCUSSION 

Mann and LutAvak-Mann (14) have pointed out in a recent revieiv that 
an increased enzyme activit}' caused by the addition of a metal ion does 
not necessarily indicate that the metal is part of the active enzyme com- 
plex. They cite as an example early experiments Avhich indicated that 
laccase AA'as a manganese compound because of the activating effect of this 
ion, Avhereas the highly purified laccase of Keilin and Mann (15) is a copper- 
protein. It is felt that this is a timely AA'aming and the evidence presented 
in this paper has been examined in the light of this statement. If the action 
of the metal ion w'ere not due to formation of a true metal-protein enzyme, 
there are several possible modes of action of the metal. One AA'ay Avould 
be by combination Avith a specific inhibitor; a second possibility Avould be by 
stabilization of the enzyme, in the same A\'ay that colloids such as protein 
or gum arabic in high concentrations are knoAATi to stabilize many enz3'mes. 
These tAvo possibilities AA'ill be e.\amined below, and it aa'DI be demonstrated 
that specific evidence can be adduced to rule out both of these ideas. 

As eA'idence for the fact that Meucine-aminoexopeptidase is an easilj' 
dissociated metal compound (Mn++ or Mg++) the folbAA-ing may be sum- 
marized. 

1. Purification of the enzjme leads to a progressively greater activation 
by' metal (4). If the role of the metal is one of combining Avith some 
inhibitor, it should be expected that the proportionate amount of inhibitor 
should decrease on a purification of 30- or 40-fold in terms of protein N 
and many times higher on a dry AA'eight basis. Dialj'sis would be expected 
to remoA’c a low molecular AA'eight inhibitor; actually dialysis causes a 
decrease in enzyme activity. 
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2. The activation of the enrjTne Mnth metal is a time ivaetion whioh 
requires some hotirs for completion wnder ordinary experimental oottdi- 
tions. During the course of activation, the rate of hydrol>’sis shows a 
steady increase. Such an increase in enn-me activity cannot he explained 
in terms of stahilidng influence, 

3. The metal ion does not produce any app.arent st.abiliration, since the 
fully activated enmme is more easily inactivated at 40' and Jill S.O than 
is the unactivated enryme. (Also see Sclwimmev (101.) Moreover, the 
activated enzyme under equilibrium eonditions is completeh’ stable during 
the ordinary determination of enzyme hydroh*sis of sulxstmto, as showax 
by the fact that first order velocity constants may Ix' obtaiiuni even over 
long periods of hydroh’sis (Tables II and 111). Likewise crude extracts 
which require no metal activation arc much less stable thau highly purified 
ones which do. 

4. The activation of the enzyme with mangane.se follows the usual 
mass law equation. 

5. Crude enzyme extracts (as well as purified pieparatious) me inhibited 
by the usual compounds which act by combining with mct.als; f.c., UCK, 
H:S, etc. (17). The inhibition of crude extmets shows that the onzymo 
is present in the tissues in combination with a metal ion. 

6. The activation of the cnzjTnc is highlj' spccilic for Mn+'' and Mg'*'* ; 

no activation has been found for other metal ions such as iroit, nickel, 
cobalt, zinc, and calcium. Some of those ions, so sinxilar in chemical 
properties to Mn++ and might be expected to act in the sivmc way 

towards an inhibiting substance. The activation by Mg+'' show-s that i\o 
oxidation-reduction system is involved. 

7. The specific l-leucine-araiuoexopcptidasc is extremely widc-s)n'ead in 
nature (18). This enzjTuc regardless of source is strongly aclix-ated Ity 
both and Mg++. 

8. There appear to be m.any distinct peptidases which require tl\o pre.M- 
ence of a metal ion for maximal activity, the purified yeast, peixtidase of 
•Johnson (2) and the partially purified prolidase (4) from hog iiite.stiual 
mucosa may be cited as examples. Prolidase is partieularly iuterestiiig 
in this connection, since no metal ion other tlian Mn^ ' has been found tx) 
produce activation. Most of the peptidases which liavo been fouiul to lie 
strongly activated by metal ions have not been ]nirificcl but there eiui bo 
no doubt as to the rvidc-spread occurrence of mclal-activalcd p(‘i)titlaso.s 
and their large number.* 

‘ In intestinal mucosa alone, many of llic activilips prcsriil in a dialysed ciaile 
extract are strongly activated by metal ions. Simple piirWieation slejis sliott tlial 
most of these activities can be partially separated or differeidially Inaelivaled fioni 
one another. For example, the bulk of the activity towards (-alanylglycino (Mn * • - 
activated) is readily removed from Mcucinc-nminoexoiieptidnse (4), The entynie 
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9. Both Mn++ and Mg++ are known to fom^ complexes with proteins 
and amino acids (19). hleasurements on titration ounces of amino acids 
and proteins show a distinct suppression of the ionization of carbo.xyl 
groups. Such a change in ionization is also shown by the changes in 
electrophoretic mobility which occur in the proteins present in the partially 
purified Z-leucine-aminoexopeptidase. 

In conclusion, the available evidence all points to the fact that Z-leucine- 
aminoexopeptidase is a true metal-protein compound. "While the role of 
the metal is as j^et unknovm, the fact that complete activation may require 
many hours indicates that some type of complex formation occurs rather 
than a simple ionic reaction. 


SUMMARY 

1. The effect of Mn++ on Z-leucine-aminoexopeptidase has been de- 
scribed. With Z-leucinamide as substrate, the combination of Mn'^ 
and protein to form active enzyme may be described by a simple mass 
law equation. 

2. Active enzyme dissociates to its component parts on dilution so that 
activity is not proportional to enzyme concentration unless a large excess 
of manganese is present. 

3. It is shown that the stability of the unactivated protein is much 
greater than that of the active enzyme. 

4. Some electrophoretic studies on the partially purified Z-leucine- 
aminoexopeptidase are reported. 

5. The available evidence for classifying Z-leucine-aminoexopeptidase 
as a true Mn++-protein compound and for the existence of a whole class 
of similar metal-protein peptidases is summarized. 
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The evaluation of the nutritional quality of foods and feeds requires a 
more definite knowledge of the physiological role of the various micro 
nutrient inorganic elements in the animal bodj' t h an is now available. 
Problems of immediate concern include the effects of one or more of these 
elements on the utilization of another, for avample the effect of traces of 
arsenic in reducing the toxicity of selenium {hloxon and Rhian (8)) and 
of copper in reducing the toxicity of molybdenum (Ferguson ei al. (3)). 
It is the purpose of this paper to summarize studies of an anemia and sub- 
normal growth induced in rats by high zinc diets and the antagonistio 
effects of copper and liver supplements. 

Ferguson et al. reported that certain “teart” pastures in England which 
were toxic for cattle contsdned a large amount of molybdenum and that 
this molybdenum toxicity could be prevented by drenching the cattle with 
a solution of copper sulfate. Such observations as well as those to be re- 
ported in tlus paper point to the possibility of deficiencies occurring in 
grazing animals, which are relative rather than absolute. It is usually 
concluded that if "sick” animals respond favorably to dietary supplement, 
such as copper for example, the animals and the feed they consumed were 
copper-deficient and copper therapy is advised. It may be that such 
therapy only partially corrects the condition, for, as pointed out in this 
study and in that of Ferguson et al., copper deficiency may be relative to a 
high content of some other factor in the feed which renders a normally 
adequate copper content inadequate. 

The present study was stimulated by the report of Sutton and Nelson 
(11) who observed that excess dietary zinc produced an anemia, subnormal 
growth, and reproductive failure in rats. These observations were fuUy 
confirmed by the authors. Further studies showed that feeding a mixture 
of iron, copper, and cobalt salts largely or completely prevented the anemia 
and that a supplement of liver extract partially prevented the subnormal 
growth. These preliminary observations led to more detailed experiments 
which are reported below. 
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EXPERIMENTAL 

Methods 

The basal diet used in these studies was a commercial calf meal which 
has proved over many years to be an adequate stock diet for rats (Maynard 
(7)). Zinc was thoroughly mixed into this calf meal as c.P. zinc carbonate 
and fed ad libitum to the rats. The supplements of liver extract* and iron, 
copper, and cobalt salts were mixed in a few ml. of milk and fed to the 
animals daily in Pyre.x glass cups. When these supplements were fed, the 
daily amounts were 2 mg. of iron as ferric pyrophosphate, 0.2 mg. of copper 
as cupric sulfate, 0.2 mg. of cobalt as cobaltous chloride, and 1 gm. of liver 
ex-tract. The rats were from our colony which originated from Sprague- 
Dawley stock. Young rats ranging from 4 to 6 weeks of age were started 
on each experiment. They were kept in individual ■wire screened cages 
during the studies which usually lasted from 4 to 6 weeks. Hemoglobin 
levels were determined periodically on blood samples secured by clipping 
the tails. At the end of the experiment approximately 0.5 ml. of blood "was 
removed by heart puncture, mixed -with heparin to prevent coagulation, 
and subjected to various determinations in duplicate. Hemoglobin was 
determined in a photoelectric colorimeter as oxyhemoglobin (Sheard and 
Sanford (9)). Red cells and leucocytes were counted in the usual manner. 
The red cell volume (centrifuge hematocrit) was determined 'vnth the 
modified centrifuge tubes described by Gruneberg (Smith (10)). Blood 
smears were prepared for microscopic study by staining ■with hematoxylin 
and eosin. 


Results 

In a series of preliminary experiments in which a level of 1 per cent of 
zinc in the diet was used, the folloiving observations were made. Hemo- 
globin decreased to levels of severe anemia in 3 to 5 weeks. The rats 
eventually stopped growing and many of them died before the 6th week, 
particularly the youngest rats of the group. The hair was unkempt; the 
rats walked with a highly arched back and were very irritable when handled. 
If in addition to the high zinc diet a mixture of iron, copper, and cobalt 
salts was fed, the hemoglobin remained at or near to normal levels over the 
4 to 6 week period, but body weight remained subnormal. If in addition to 
the 1 per cent zinc diet liver extract Avas fed, the hemoglobin dropped to 
levels comparable AA-ith those of rats fed the high zinc diet alone; hoAA'ever, 
groAvth Avas maintained near the normal leA'el and the rats lived for longer 
periods of time. It thus appeared that the excess dietary zinc had at least 

• Liver extract powder, Eli Lilly and Company. 
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two effects: (1) it produced an anemia, and (2) it produced a subnormal 
rate of growth that was not secondary to the anemia. 

Two factoriallj’ designed experiments were then conducted. One M'as 
designed primarilj' to study the effects of iron, copper, cobalt, and liver 
extract on the course of the anemia, which for convenience will be referred 
to as “zinc anemia.” The other experiment was designed to study the 
effect of liver extract on the subnormal growth induced by the feeding of 

T\ble I 


1/can Hemoglohin Values of Group on Each Trcalmenl 


Trcitoent 

Mean Hb value* 
per too aL blood 


tm. 

Xone 


Fe 


Cu 


Fe, Cu 


Co 


Fe, Co 


Cu, " 


Fe, Cu, Co 


laxer 

13 80 

Fe, liver 

13.10 

Cu, “ 

14.46 

Fe, Cu, liver 

15.40 

Co, fixer 

14.70 

Fe, Co, fiver 

14.24 

Cu, “ " 

14.50 

Fe, Cu, Co, lix-er 

15.62 


* Mean of five rats 


excess zinc. Detailed studies were made of the blood picture of rats in 
the second experiment. 

Zinc Anemia — ^The 1 per cent level of zinc used in the preliminarj' ex- 
periments was so toxic that many (up to 75 per cent) deaths resulted in 
3 to 5 weeks. A pQot study was conducted testing the effect of x'arious 
lex-els of zinc on the decrease in hemoglobin level. By feeding zinc at 
various levels ran^g from 0 4 to 1.0 per cent of the diet it was found 
that a level of 0.7 per cent produced a marked anemia in 4 weeks and per- 
mitted the rats to lix-e for relatively long periods of time. Accordingly, a 
lex-el of 0.7 per cent zinc was chosen for the next experiment which inx-olx-ed 
the dietary supplements of iron, copper, cobalt, and lix-er extract, each at 
“high” and “low” lex-els in all po^ble combinations. The high level 
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indicates the addition of the supplement in amounts prenously mentioned, 
and the low level indicates no addition of the supplement to the high zinc 
diet. This was a 2^ factorial experiment with five replications. 80 rats 
of mixed sexes, ranging in age from 30 to 40 days and in weight from 
36 to 71 gm., were divided at random (Fisher and Yates (4)) into 
sixteen groups of five animals each. Sixteen animals, one animal receiving 
each treatment, constituted a block. The rats in each block were arranged 
at random in a battery of cages, giving five batteries or blocks. The five 


Tablk II 

Analysts of Variance of Hemoglobin Levels of Rats Fed Various Supplements in 
Addition to High Zinc Diet 


Source of variation 

ij 

Meaa square 

Total 

79 


Replications 

4 

8 34* 

Fe 

1 

4 90 

Cu 

I 

76 05* 

Co 

1 

4.80 

Liver 

1 

38 64* 

Fe X Cu 

1 

0 39 

“ X Co 

1 

2 74 

“ X liver 

1 

0 00 

Cu X Co 

1 

0 22 

“ X liver 

1 

8 58t 

Co X “ 

1 

2 38 

Fe X Cu X Co 

1 

8 06t 

“ X ‘‘ X hver 

1 

3 28 

Cu X Co X “ 

1 

7 20 

Fe X “ X " 

1 

0 92 

“ X Cu X Co X liver 

1 

3 04 

Enoi 

' 60 

1 

1 83 


* Significant at the 1 per cent level 
t Significant at the 5 per cent level 


batteries were distributed in the air-conditioned animal loom, and differ- 
ences between batteries served as a measure of positional effects. The rats 
were weighed weekly during the experiment, which was terminated at the 
end of 6 weeks. At this time blood samples were taken by heait puncture, 
and the hemoglobin level determined. The mean hemoglobin values of 
the different groups aie summarized in Table I. Table II presents a sum- 
mary of the analysis of variance of the hemoglobin values. 

The analysis of variance showed that the rats fed the high zinc diet plus 
copper or liver extract had higher* hemoglobin levels than those rats fed 
the high zinc diet irithout added copper or liver extract. These differences 







S. E. SiHTH AXD E. J. lAESON' 


33 


were highly agnificant. Also, there xvas a significant interaction of copper 
and liver extract due to the fact that copper supplements produced a 
greater response in the hemoglobin level in the absence of liver than it did 
in the presence of liver extract. There was a significant interaction of iron 
by copper by cobalt, which resulted in a higher hemoglobin level than 
would be expected if additive effects of the metals fed singly or in combina- 
tions of any two were involved. There was a highly significant difference 
between replications, indicating that some factor or factors associated with 



Fig. 1. The hemoglobin level of the rats fed the \’arious supplements at 0 and 1 
levels. The 0 level indicates that the supplement vas not fed and the 1 level that it 
was fed. Each point is the average hemoglobin level of forty rats. The difference 
between the hemoglobin levels of the rats not fed additional copper salts and those fed 
copper salts in addition to the high zinc diet is highly significant. The same holds 
true for the difference between the rats not fed liver e.vtract and those fed liver ex- 
tract (L). 

the position of the five replications introduced a difference in hemoglobin 
levels that was highly significant. Since the room was air-conditioned and 
maintained at a temperatiue of 24.4°, the factor probably is not temperature 
variation. All other soturces of variation were non-significant. 

The hemo^obin levels observed at high and low levels of iron, copper, 
cobalt, or liver extract are graphically presented in Fig. 1. 

Growth — ^In the foregoing experiment the effects of the various treatments 
on growth were tested by an analysis of variance, and the addition of liver 
extract to the diet was associated with significantly better growth (odds 
19:1) than was the case for those rats fed the basal diet plus 0.7 per cent 
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zinc. However, previous observations indicated that a much more marked 
effect could be obtained with liver exiiract when the higher levels of zinc 
were fed. Accordingly, a second factorial e.\'periment was set up involving 
a basal diet containing 1 per cent of zinc and supplemented with liver 
e-vtract and the mixture of iron, copper, and cobalt salts, each at a high 
and low level. The mixture of iron, copper, and cobalt salts was chosen, 
since it most effectively prevented a drop in hemoglobin level among the 
various combinations of the elements. This was a 2 ‘ factorial ex'periment 
with ten replications. 

Forty rats, ranging in age from 26 to 29 days and in weight from 42 to 
82 gm. and consisting of twenty males and twenty females, were allotted 
at random to the four groups treated differently, leaving five male and five 
female rats in each group. The rats were caged individually and dis- 
tributed at random on five shelves of a cage battery, so that each shelf con- 


T^ble III 

Mean Imltal and Fmal Weights of Rais Fed High Zinc Diet and Various Combinations 
of Liver Extract and Iron, Copper, and Cobalt 


Treatment 

Mean initial weight* 

Mean 6nal weight* 


Cl” 

gm. 

None 

61.5 

118.5 

Liver 

62.7 

155.1 

Fe, Cu, Co 

64.5 


Liver, Fe, Cu, Co 

64.3 

148.7 

Stock diet 

62.4 

174.6 


* Mean weights of ten rats (five males and five females). 


tained eight rats, one on each treatment, resulting in five replications. 
The rats were W'eighed weekly during the experiment which ran for 5 weeks. 
At the end of this time, blood samples w'ere taken from all rats except the 
group which received all supplements; that is, iron, copper, cobalt, and 
liver extract. Red cell counts, leucocyte counts, hemoglobin, and hema- 
tocrit determinations were made. A group of ten comparable rats which 
received the calf meal alone (stock diet) was also studied to provide control 
values for comparison. 

The mean initial and final weights of the rats on each treatment are 
summarized in Table III. The analysis of variance of the gro\vth data is 
summaiized in Table IV. 

It will be noted that the liver extract supplement to the high zinc diet 
induced a positive grou’th response which when compared to the growth 
of rats fed the high zinc diet alone gave a difference that was highly sig- 
nificant. Although the supplement of iron, copper, and cobalt maintained 
hemoglobin at levels significantly higher than in those rats fed the high 
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zinc diet alone (Table Y), it had no effect in counteracting the subnormal 
growth induced by the excess dietarj' zinc. A significant (99:1) sex differ- 


T.\bi,e IV 

Analysis of Variance of Groiclh Data of Rais Fed High Zinc Diet and Various 
Combinations of Licer Extract and Mixture of Iron, Copper, and Cobalt 


Scarce o! vorutlon 


Mean square 

Total 

39 



4 

703 


1 

9,456* 

1,604 

10,401* 

42 


4 


1 


1 


1 

2,512* 

1S9 


1 


26 


" *2t 

28 


■■ 3t 

32 

746 



* SigniBcant at the 1 per cent level. 

t Used to test the significance of liver and Fe, Cu, and Co. 
t Used to teat the significance of replications and sex. 


T.vble V 

Blood Pictures of Rats Fed the Zinc Diet Alone or Plus Licer Extract or Fe, Cu, and Co 
Supplements along with Those for Comparable Rats Fed a Stock Diet 


Treatment 

Mean Hb 

— 

HH 

Mean 

hematocrit 

Mean cell 
\*olaiae 

Mean cell 
Hb concen- 
tration 

Mean cell 
Hb 

Leucocyte 

count 


gm. ter 

JOO ml. 

nillions 


cu. micrcns 

per cent 

rticremicro- 

grams 

tkffoscnds 

None 

-8.36 

9.64 

35.5 

37.1 

23.4 

8.6 

29.0 



i.0.577 

±1.72 

±1.07 

±0.52 

±0.26 

±2.68 

Liver 

8.77 

9.27 

35.5 

38.6 

24.5 

9.5 

40.3 



±0.481 

±1.39 

±1.19 

±0.69 

±0.38 

±4.90 

Fe, Cu, Co. . 

12.86 

12.94 

47.4 

36.8 

27.3 

10.0 

19.1 


±0.614 

±0.611 

±2.40 

±1.49 

±0.84 

±0.33 

=1.55 

Stock 


8.52 

50.4 

59.3 

31.8 

18.9 

22.0 



±0.191 

±0.59 

±1.15 

±0.47 

±0.24 

±0.73 


Each of the readings is the mean of ten (no treatment and liver) or eight rats with 
its standard error. 


ence in growth was found due to the more rapid growth of the males, as 
would be expected. A highly significant sex by liver interaction was 
accounted for in the observation that male rats responded more than did 
female rats to the liver extract supplement. 

Blood Picture — The results of the blood studies are summarized in Table 
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V, The significance of differences of treatment was determined by the 
t test. 

In comparing the group that received no treatment, that is those rats 
which received the high zinc diet alone, with the stock rats, it vill be 
observed that hemoglobin and hematocrit values are lower. These differ- 
ences are highly significant. Although hemoglobin values are lower, the 
mean red cell count of the untreated group is slightly higher than ^hat of the 
stock rats. This difference is not significant. The mean cell volume is 
significantly less (odds 99 : 1) than normal, which shows that the zinc anemia 
is microcytic. Also, the mean concentration of hemoglobin per red cell is 
significantly less (odds 99:1) than normal, and this shows the anemia to be 
hypochromic. The zinc anemia is, therefore, morphologically classified 
as microcytic and hypochromic. The leucocyte counts of the untreated 
group are significantly higher than normal. Apparently, the excess dietary 
zinc affects the leucogenic as V'ell as the erythrogenic line of cells. Micro- 
scopic examinations of the blood smears of the untreated rats confirmed 
the presence of microcytosis and hypochromia. In addition there was a 
definite basophilia, as noted in the many red cells wliich took the hema- 
toxylin stain. Poikilocytes were present, but not numerous. 

The addition of liver extract to the high zinc diet did not significantly 
change the blood picture exhibited by the untreated gi-oup except to induce 
a further rise in the leucocyte counts. This difference was significant. In 
the previous experiment in which the dietary level of zinc was 0.7 per cent, 
liver extract maintained the hemoglobin at a level significantly higher than 
in those rats not fed the liver supplement. However, in this latter ex- 
periment, in which the zinc level was 1 per cent, liver extract had no sig- 
nificant effect on the hemoglobin level. 

The addition of iron, copper, and cobalt salts to the high zinc diet pro- 
duced a rise in hemoglobin level, red cell count, and hematocrit. These 
increases were all liighly significant. The red cell counts of the iron-, 
copper-, and cobalt-supplemented rats were even higher than that of normal 
rats. This difference was highly significant. 

DISCUSSION 

The results of this studj’’ show that the addition of zinc to an otherwise 
adequate diet for rats induces at least two symptoms, (1) an anemia that 
can at least partially be prevented by an additional supplement of copper 
salts, and (2) subnormal growth that can be partially prevented by an addi- 
tional supplement of liver extract. 

In so far as the anemia is concerned, additional supplements of iron or 
cobalt salts had no effect, although the combination of iron, copper, and 
cobalt salts maintained hemoglobin at slightly higher levels than copper 
alone at the dietary levels of zinc and the supplements used in this study. 
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It is possible that the feeding of levels of copper higher than that used here 
■would maintain hemoglobin at normal levels. Liver extract fed as a supi- 
plement to a 0.7 per cent zinc diet maintained a hemoglobin level higher 
than that foimd in rats fed the high zinc diet alone, but it had no significant 
effect on the level of hemoglobin when the level of zinc was 1 per cent. 
Liver e.Ytr3ct may have affected the course of the anemia through its con- 
tent of iron, copper, and cobalt. 1 gm. of liver e.xtract furnished an average 
of 0.11 mg. of iron, 0.03 mg. of copper, and 0.0002 mg. of cobalt. These 
amounts were considerably less than those furnished by the salts. 

A review of the literature revealed another suggestion of a dietarj" copper- 
zinc relationship. The condition of enzootic ataxia in lambs in Australia 
has been associated -with a dietary' deficiency of copper (Bennetts and Beck 
(1)). Swayback, a disease similar to the enzootic ataxia of Australia, is 
■nide-spread in Great Britain, and copper supplementation has been found 
to be an effective preventive (Dunlop et al. (2)), but in contrast to the 
“ata.xia” pastures of Australia the “swaj’back” pastures of Britain are 
well supplied with copper (Innes and Shearer (6)). These findings lead 
Shearer to suggest that some unknown factor in the “swayback” pastures 
affected the utilization of dietarj' copper. Such pastures were found to 
have a high calcium to phosphorus ratio and a high content of zinc and 
lead, and it was suggested that one of these may affect the absorption of 
copper. 

Iron, copper, and cobalt salts had no effect on the subnormal growth 
induced by the high zinc diet, but liver e.xtract supplements gave highly 
significant growth responses. Liver extract, then, furnished some factor 
or factors that the zinc additions rendered inadequate. In this connection 
Gross et al. (5) reported that 4 to 6 mg. of zinc chloride fed to rats in addi- 
tion to a synthetic diet precipitated a deficiencj' sjmdrome that could be 
cured by the additional feeding of calcium pantothenate. Our rats fed 
the high zinc diets did not show any characteristic sjTnptoms of panto- 
thenic acid deficiency. In a pilot e.xperiment, rats were fed the high zinc 
diet and in addition a supplement of 100 t of calcium pantothenate per 
day. This supplement had no effect on the hemoglobin level or on the 
rate of growth. Apparently the deficiency induced by the zinc carbonate 
additions and corrected b 3 '' the liver extract is not related to pantothenic 
acid. Further work is required to determine the active fraction in the liver 
e.xtract. 

The significant differences found among replications, i.e. positional 
effects, in the first studj' are worthj' of further comment. The majoritj' 
of nutritional experiments are conducted with the assumption, consciouslj' 
or unconsciouslj', that positional effects are either not present or that thej' 
are of a magnitude that is insignificant. The results reported here showed 
that positional effects were significant as related to hemoglobin level even 
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in a small air-conditioned animal room. Even though positional effects 
may for the moment be uninterpretable or may not be considered to be of 
interest in a particular studj’’, an estimation of their magnitudes would he 
justified in the interests of increased precision. In a properly designed 
axperiment, the effect of position of the animals may be estimated and 
removed from the total source of variance, permitting gi’eater precision in 
the estimation of the effects of the variables under study. Another reason 
for designing experiments in which positional effects can be estimated is 
to prevent confounding positional effects ndth treatment effects. Such 
confounding ma3’’ lead the experimenter to conclusions that treatments were 
significantly different when the differences may have been due to the posi- 
tion of the animals. 


SUMMARY 

The feeding' of excess zinc to young rats induced a microcytic and hypo- 
chromic anemia and subnormal growth. The additional feeding of copper 
maintained the hemoglobin at significantly higher levels and a mixture of 
iron, copper, and cobalt essentially maintained hemoglobin at normal 
levels, although iron or cobalt supplements alone had no effect. Iron, 
copper, and cobalt had no effect on the subnormal growth of zinc-fed rats, 
but supplements of a liver extract produced a highly sigruficant growth 
response. The liver activity is apparently not due to pantothenic acid. 

Studies such as this point to the possible occurrence of relative deficiencies 
in addition to absolute deficiencies in the field; that is, animals may be 
deficient in one mineral relative to an excess of some other. 

The authors are grateful to Dr. H. L. Lucas for aid in the statistical 
analyses. 
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Nerve impulses are conducted with great velocity. In mammah'an nerve 
the speed of conduction ma 5 '- be as high as 100 meters per second. The 
energy required for the propagation of the impulse is extremelj’’ small, being 
less than 10“^ gm. calorie per gm. and impulse. It is impossible to de- 
tennine directly the chemical cell constituents involved in such a rapid 
process, especially since they occur in quantities of the order of magnitude 
of fractions of a microgram. However, the enzjunes catalyzing the chem- 
ical reactions connected with conduction are relatively stable, and, by 
their study, valuable information as to the biochemistry of this process may 
be obtained. Investigations on cholinesterase, an esterase specific for 
acetylcholine, have established that the enzjme is highl}' concentrated in 
nerve tissue. The concentration is sufSciently high to permit the assump- 
tion that the rate of acetylcholine metabolism may parallel that of the 
electric changes observed during the conduction of the neiv'e impulses. 
The amount of acetjdcholine which may be hydrolyzed per millisecond, i.e. 
during the passage of an impulse, may cover a considerable surface area. 
The enzyme, moreover, is localized exclusively in the neuronal surface, 
where the bioelectrical phenomena occur fl). 

These facts make possible the assumption that acetylcholine is directly 
connected with the conduction of the nerve impulse, that is with the nen'e 
action potential. However, studies of enzyme actiidties in vitro are in- 
sufficient for the interpretation of the precise role of a chemical compound in 
a cellular mechanism. They have to be correlated with a process occurring 
in the living cell. Such a correlation could be established in e.xperiments on 
the electric organ of fish. It was found, in 1937, that the electric organ of 
Torpedo marmoraia may hydrolyze 2 to 3 gm. of acetylcholine per gm. pwr 
hour. This is the first recorded evidence for a possible relationship between 
cholinesterase and the electric discharge. A similarlj' high concentration 

* This work was made possible by grants of the Josiah Macy, Jr., Foundation and 
the Dazian Foundation for Medical Research. 
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of the enzyme was found in the electric organ of Electrophorus ekclricus. 
This extraordinary enzyme concentration appears particularly significant 
in view of the low protein content of these organs (2 per cent). In the 
weak electric organ of the common ray the concentration of the. enzjTne 
is low. 

The voltage of the discharge in these organs depends upon the number of 
electric plates. Each plate has a voltage of the order of 0.1 volt, which is 
the same order of magnitude as that found in ordinary nerves. The dis- 
charge is basically identical mth the ordinary nerve action potential, the 
only difference being the arrangement in series (2). The greater the num- 
ber of plates in series, the higher the voltage. If in the three species men- 
tioned voltage per cm., number of plates per cm., and concentration of 
cholinesterase are compared, a parallelism becomes obvious (3). 

A more quantitative relationship between voltage and cholinesterase 
has been established in experiments on the electric organ of Electrophorus 
elcctricus. In this organ the number of plates and the voltage per cm. 
decrease from the head to the caudal end of the organ, and the cholinester- 
ase concentration decreases in similar proportion (4, 5). Also, at cor- 
responding points along the organs of different specimens, wide variations 
are found in the voltage and the number of plates per cm,, especially when 
the specimens are of different size. Even if measured on different speci- 
mens, the enzyme activity and voltage appear to have the same ratio. 

A parallelism between the activity of a specific enzyme and a physical 
event recorded on the intact animal mth a highly sensitive method (cath- 
ode ray oscillograph) is always important. In order to examine how 
quantitative this parallelism may be, it appeared necessary to test a larger 
number of specimens of vaiying sizes and at different areas of the same 
organ. The data obtained are presented in this paper. 

Methods 

Both the electrical and the chemical methods used were the same as 
described previously (5). The distance between the two electrodes was 
alwaj'S 5 cm., whereas in earlier experiments it was 5 cm. for small and 
10 cm. for large specimens. The voltages indicated in Tables I to IV are 
always the maximum voltages obtained on an open circuit. Tetanic dis- 
charges of the fish were carefully avoided, as this soon resulted in fatigue 
vdth consequent decrease in voltage. If this were the case, the fish was 
allow'cd to rest in the tank for a considerable length of time until com- 
pletely recovered or another specimen was used. 

The grinding of the tissue (100 to 200 mg. each) was always carried out 
mechanically by a homogenizer with the addition of silicate powder. The 
importance of this addition for obtaining a homogenized suspension ■with 
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complete destruction of the cells has been pre'viously emphasized. On 
several occasions, two determinations were made with the same suspension, 
KvceUent agreement was always obtained, indicating that the suspensions 
were reallj’ homogeneous. 


Results 

The specimens available ranged from 44 to 133.5 cm. in length. There 
are two pairs of electric oi^ans in Elcdrophorus cleclricus. One pair with 
high voltage, the so called large electric organs, is found all along the an- 
terior part of the fish ; the other pair with low voltage, the bundles of Sachs, 
is located in the posterior part. The highest voltage per cm. was 22 volts, 
which was obtained in a specimen of 48.5 cm. in length in the portion close 
to the head end of the large electric oigan. The lowest voltage obtained 
was 0.55 volt per cm. in the bundles of Sachs of a specimen of 114.5 cm. in 
length. 

Tables I to give all the data obtained. In Table I are recorded the 
e.vperiments on the large electric organs with small specimens; in Table II 
those Avith medium sized and larger specimens. Electric measurements 
were made on two or three segments of each specimen and one or two sam- 
ples were taken from each point recorded for chemical analysis. In ex- 
periments on four specimens, five samples were used for chemical analysis 
from each point recorded electrically in order to obtain a more complete 
picture of the posable range of variations of the enzjTne concentration in a 
given segment. These data are summarized in Table III. Since the sus- 
pensions were really homogeneous, as the control determinations mentioned 
above had shomi, a lack of agreement of duplicate and quintuplicate deter- 
minations on various parts of a single segment gives a measure of the 
heterogeneity of the tissue. This heterogeneity is measured by a standard 
delation on the duplicate or quintuplicate determinations of 19 units of 
concentration and is about 9 per cent of the average concentration. This 
IS easily conceivable, since the samples taken from the same segment ■noil 
vai^’ to a certain degree in their histological composition (f.e., the amount 
of connective tissue, or, more generally speaking, the ratio of inactive tissue 
to active tissue may not alwa3’s be e.xacth' the same). 

In Table IV a few data are given of determinations on the bundles of 
Sachs. They are rather difBcult to earn' out on lirag fish since at that 
part where the bundles of Sachs are located there is usually a large laj-er of 
subcutaneous fat and in trjdng to cut out the electric tissue the swim blad- 
der is easilj' punctured, an event fatal to the fish. Two data were used 
from earlier measurements. 

In the last column of Tables I to IV, the quotient of cholinesterase over 
voltage (ChE/F) is recorded. 55 such quotients have been obtained. 
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the 55 determinations is 20,7 ^ith a standard de\-iation of ±0.7. This in- 
dicates that the true average ratio probably lies ■nithin 20.7 ± 1.4. The 


Tabu: II 

Relationship between Concentration of Cholinesterase and Voltage of Action Potential 

{ChE/V) 


The large electric organs of medium sized and larger specimens were used. The 
abbreviations are as in Table I, 


L 

D 

V 

OChE 

ChE 


s 

a 

V 

92.5 

26.0-31.0 

5.7 

115 


20.2 

93.0 

2.0- 7.0 

14 

242 


17.3 


18.0-23.0 

7.8 

186 

164 

175 

22.4 


27.5-32.5 

4,5 

no 


24.5 

97.5 

2.0- 7.0 

IS 

371 

332 

352 

23.5 


16.0-21.0 

11 

233 

265 

249 

22.6 


27.0-32.0 

8.2 

246 

284 

265 

32.3 

98.S 

26.5-31. S 

7.8 

139 


17.8 

103.0 

1.0- 6.0 

11 

331 

308 

320 

29 .'l 


15.0-20.0 

8.6 

219 

217 

218 

25.3 


29.0-34.0 

4.5 

141 

129 

135 

30.0 

113.0 

27.0-32.0 

6.6 

123 


18.7 

114.5 

34.5-39.5 

7.7 j 

161 


19.6 

123.5 

1.0- 6.0 

8.3 i 

132 

179 

156 

18.8 


18.0-23.0 

7.0 

113 

96 

105 

1 

15.0 


28.0-33.0 

5.3 

72 


13.6 

131.0 

31.0-36.0 

8.0 

158 


19.8 

133.5 

2.0- 7.0 

12 

185 

154 

170 

14.2 


23.0-28.0 

10 

145 

122 

134 

13.4 


38.0-43.0 

5.4 

75 

80 

78 

14.5 


55 quotients are quite variable, however, as indicated by the standard devia- 
tion of ±5.1 for a single measurement. Indeed it may be observed from 
Tables I to IV that the ratios vaiy from 13.4 to 35.3, although most of them 
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vary \vithin 5 from the average. This is good uniformity for a quotient 
relating physical and chemical data. 


T.\ble III 

Relationship between Concentration of Cholinesterase and Voltage of Action Potential 

(ChE/V) 

« 

In this series five samples were taken from each area. The abbreviations are as 
in Table I. 


L 

D 

■ 

QChE 

B 

D 

■ 

()ChE 

S 

a 

s 

a 

72.0 

0 . 5 - 5.5 

15 

245 



15 . 5 - 20.5 

13 

158 





195 





203 





228 





192 





268 





211 





201 

227 

15.1 



184 

190 

78.5 

0 . 5 - 5. 5 

17 

266 



20 . 5 - 25.5 

9.6 

160 





302 





214 





290 





197 





285 





160 





286 

286 

16.8 



170 

180 

88.5 

1 . 0 - 6.0 

14 

197 



21 . 0 - 26.0 

6.3 

138 





189 





115 





190 





125 





163 





132 





206 

189 

13.5 



134 

129 

118.5 

1 . 0 - 6.0 

9.8 

171 



31 . 0 - 36.0 

4.0 

84 





152 





64 





189 





68 





150 





86 





157 

164 

16.8 



69 

74 


Table IV 

Relationship between Concentration of Cholinesterase and Voltage of Action Potential 
(ChE/V) in Bundles of Sachs 


The abbreviations are as in Table I. 


L 

D 

r 

OChE 

ChE 

r 

76 

42 . 0 - 47.0 

0.62 

21.9 

35!3 

105 

45 . 0 - 50.0 

0.91 

21 

23.1 

105 

60 . 0 - 70.0 

0.90 

23.2 

25.8 

114.5 

66 . 5 - 71.5 

0.55 

10.5 

19.1 


The correlation between the two variables may best be seen from Fig. b 
where voltage is plotted against QChE. From all 55 determinations calcu- 
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lated according to the method of least squares y = 13.2 -f 18.9x, where y 
= QChE and x = voltage. The relation indicated by these values is signifi- 
cant statistically. Since, however, 13.2 is not significanth' different from 
0, it may be neglected in this instance and assumed that the real line goes 
through the 0 point (Fig. 1). In that case, y = 19.9x, the line again being 
calculated b 3 ' the method of least squares. It ma}' be noted that 19.9 is 
close to the average ratio of 20.7. 

If the data are arranged in the order of decreasing voltage and split into 
four equal sets of pieces having voltages per cm. of 22 to 15, 15 to 12, 11 to 
8, 7.8 to 4.0, the corresponding average values of ChE/F would be 19.4, 



Fig. 1. Correlation between voltage and cholinesterase activity. The voltage per 
cm. is plotted against the enzjme concentration. The dotted line is calculated from 
the data obtained with the method of least squares; the fully drawn line calculated 
on the assumption that the line goes through the 0 point. 

20.1, 21.4, and 20.3. Thus the detdations of ChE/F seem to be only small 
and possibly completely random. 

DISCUSSION 

^ The relationship between %'oltage and cholinesterase activit 3 ' in electric 
tissue, suggested by previous observations, has been studied this time on 
the ba^ of a great number of measurements covering a vride range of V'aria- 
tions. Thus, a statistical evaluation becomes possible. The average quo- 
tient of ChE/F ma 3 ' be assumed to be a ver 3 ' reliable value, since its 
standard deviation was onl 3 ’ 0.7 or 3.3 per cent. 

Of particular importance is the fact that the line correlating the two 
variables apparent^' goes through 0. This indicates a direct proportion- 
alit 3 '. The results appear significant and consistent nith the concept that 
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the ph 3 'sical and chemical processes recorded are directlj' associated and 
consequently interdependent. 

There is one e.xception. In a previous paper (5) three observations made 
on the caudal end of the large electric organs were reported in which the 
voltages per cm. were of the order of 1 ; the en 2 yme concentration decreased 
caudallj', but the ratio ChE/T'' at this particular point was several times 
liigher than elsewhere. At the caudal end of the main electric organ the 
situation is, however, rather complex and other quantities characteristic 
of the tissue behave differently (Cox, Coates, and Brorni (6)). The 
orghn'has tapered down to a tliin layer and forms onl.v a small fraction of 
the cross-sectional area. It would hardly be surprising if a deviation of 
the otherwise constant ratio ChE/F were found there. The data in the 
previous paper are too few and other kinds of measurements would be neces- 
saiy for any attempt of interpretation. The observations of the present 
paper clearly establish the uniformity of the ratio .in nearly the whole large 
electric organ as well as in the bundles of Sachs. It is obvious that the rela- 
tion between enzyme activity and the electric manifestations cannot be 
e.xpected to remain strictly proportional if other factors change the condi- 
tions, as for instance the ratio of active to inactive tissue. 

The meaning of the relationship between the enzyme actirity and 
the voltage of the action potential observed has been repeatedly discussed 
(1,5) and need not be considered here. It may suffice to say that such a 
parallelism between the voltage and the enzyme concentration may be pic- 
tured in either of two ways. The compound metabolized by the enzyme 
may generate electromotive force directly, or alternativelj'^ it may lower the 
resistance. No eonclusive evidence is available from e.xperiments on nerve 
that electromotive force is generated. Since recent investigations (6) have 
shown that during the passage of the impulse the resistance drops consider- 
ably, the best interpretation of the relationship observed seems to be at 
present that the ester acts in such a waj’' as to decrease the resistance. 

It should be noted that the esterase activity measured is exclusively that 
of the specific cholinesterase (7). As recently shown, the enzyme even 
when purified to a high degree still shows the same pattern as that of the 
homogenized suspension of electric tissue. Consequently, the enzyme ac- 
tivitj' may be used as an indication of the potential rate of the metabolism 
of acetylcholine and the correlation found may be referred to a parallelism 
between acet 3 dcholine metabolism and voltage (1). 

The relation between acetylcholine and the nerve action potential which 
results from the experiments on the electric organ has recently found further 
support in two other lines of investigations. One is based on the energy 
transformations occurring during the action potential. It has been found 
that energ 3 ’-rich phosphate bonds are adequate in accounting for the total 
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electric energj' released by the action potential (8). Consequently, if the 
release of acetylcholine is the primao* “excitatory disturbance” (Keith 
Lucas) responsible for the nerve action potential, energj'-rich phosphate 
bonds should be used for the sjuithesis of the ester. This is actuall}' the 
case; an enzjTne, choline acetylase, is present in brain and peripheral nen*e 
which in the presence of adenosine triphosphate forms acetylcholine in 
anaerobic condition at a high rate (9-13). This fact is consistent nith the 
conclusion that the energj' of the primao' recovery' process after the passage 
of the impulse is used for the resj'nthesis of the ester removed during 
actiwty. 

Another relationship between nen-e action potential and acetylcholine 
has been established by experiments on the giant axon and the fin ner\-e of 
squid (Bullock, Nachmansohn, and Rothenberg (14)). Acetylcholine is a 
quaternary ammonium salt and cannot permeate the lipid membrane sur- 
rounding the axon. WTien it is applied externally, its effect is limited to 
nerve endings which do not have a myelin sheath. But, if the cholines- 
terase is inactivated by drugs which may permeate the lipid membranes 
and are strong inhibitors of the enajune, like eserine or strychnine, acetyl- 
choline released intemaUy caimot be removed; a state of depolarization 
persists and the netwe action potential is abolished. This process is easily 
reversible, as should be expected from the reversibility of the enzyme inhi- 
bition. 

Each of these obser%'ations considered separately constitutes a strong 
support for the assumption of a close cormection of acetylcholine uith con- 
duction of the nen-e impulse. But combined, the value of each of them is 
potentiated and the concept that acetylcholine plays an essential role in 
the nerve action potential appears highly probable. 

SXTMMART 

The activity of cholinesterase and the voltage of the action potential have 
been measured simultaneously in the electric organ of a number of speci- 
mens of Ekclrophorus ekc(ricus and at different regions of the organ of each 
specimen. Since the voltage per cm. varies at different points of the same 
specimen and depends also on the size, a considerable range of variations 
from 0.5 to 22.0 volts per cm. has been covered. The results confirm and 
extend previous findings indicating a close parallelism between the activ-ity 
of the enzyme and the voltage of the action potential. 

In 55 experiments the average of the quotient cholinesterase over voltage 
was found to be 20.7 with a standard deviation of ±0.7. The standard 
deviation of a single measurement of the quotient is ±5.1. 

If the voltage is plotted against the cholinesterase actii-ity, the line which 
correlates the two variables passes apparently through the 0 point. This 
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supports the assumption of a direct proportionality between physical and 
chemical events measured. Combined ivith other observations referred to 
in the discussion, the direct connection of acetylcholine vdth the nerve ac- 
tion potential and nerve conductivity becomes highly probable. 

We are greatl}’’ indebted to Dr. R. T. Cox and Dr. M. Vertner Brown for 
their help in the electric recordings, and to Dr. John W. Fertig for his help 
in the statistical analysis of the data. 
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THE SYNTHESIS AND THE ENZYjMATIC DEGRADATION OF 
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With the Coluiboration or F. R. Van Abeele 

(Prom the Lilly Laboratory for Clinical Research, Indianapolis City Hospital, 

Indianapolis) 

(Received for publication, October 22, JW5) 

The formation of angiotonin from the serum protein fraction cr-globulin 
and renin (1, 2) as ivell as its inactivation by proteolytic enzymes suggests 
that this pressor substance contains peptide linkages. Preliminary studies 
and interpretations (3) of the action of crystalline proteolytic enzjnnes led 
to the conclusion that angiotonin contains groupings of which the simplest 
representation is afforded b 3 ' 

Aromatic Basic Acid Aromatic 

I I I I 

NHj— CH— CO— NH— CH— CO— NH— CH— CO— NH— CH— COOH 

The object of this investigation was to prepare a tetrapeptide similar 
in structure which would not onlj' be of interest for the study of the kinetics 
of enzyme action but might serve as a model for degradation experiments 
on naturallj* occurring polj'peptides. A comparison of the rates of hj’drolj'- 
sis of such a synthetic tetrapeptide with angiotonin might give some valu- 
able information concerning the structure of this pressor substance. 

Since the rate of hj'drolj’sis of a pobiJeptide bj' a well defined proteolj-tic 
enzyme appears to be a function of the structure of the substrate as well 
as of the general nature of the enz 3 'me, a comparison of the rate of hydrolysis 
might be used for identification purposes. A compound containing amino 
acids in the arrangement outlined above should be susceptible to hj’drolysis 
bj' carboxypeptidase, trypsin, chymotrypsin, pepsin, and, if there easts 
any stractural similaritj’’ to angiotonin, the rates of hydrolysis bj* these 
enzymes diould be comparable. 

The amino acids tyrosine, lysine, and glutamic acid were selected for 
the synthesis, because a number of necessary intermediates and methods 
for their syntheses are known. The synthesis herein reported consists of a 
condensation of two dipeptides whose functional groups were protected, 
followed bj' removal of the protecting groups by standard methods. 

The first dipeptide was prepared by a condensation of 0-acetyl-N-car- 
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bobenzoxy-Z-tyrosyl chloride (I) with e-carbobenzoxy-Z-Iysine methyl ester 
(II). Minor variations in the procedure resulted in two distmctly different 
condensation products, one melting at 156° and the other at 138°. Both 
substances jdelded the same hydrazide on reaction with hydrazine hydrate. 
Since there is no possibility of a racemization, a structural difference other 
than asymmetry must be assumed to explain this phenomenon. 

The condensation of O-acetyl-N-carbobenzoxytyrosyl chloride and the 
t-carbobenzoxylysine methyl ester m carried out in such a way that the 
acid chloride is added to an excess of the basic ester, so that during the whole 
experiment the medium is slightly alkaline. It therefore offers the pos- 
sibility for hydrolysis of very susceptible ester linkages such as the acetyl 
group on the phenolic hydroxyl of the tyrosine, leaving the carboxylic 


Table I 

Compauson of Acetyl Determinations on Carbobenzoxy Compounds with and without 

Acetyl Groups 


Compound 

Formula 

I Per cent acetyl (COCHi) 

1 

1 Calculated 

' Found 

N-Carbobenzo\y-l-tyrosine ethyl ester 

CuHjiOiNj 

None 

2.46 

N-Carbobenzo\y-f-lyrosine 

CirHnOsN 

“ 

2.06 

0-Aoetyl-N-carbobenzo\y-/-tyrosine 

Cs.HsjOjN 

11. OS 

12.20 

0-Acetyl-N-carbobenzo\y-l-tyrosyl-N- 
earbobenzo\y-/-lysino methyl ester, m.p. 




138° .. 

C:4HsbObN3 

6.80 

8.06 

N-Carbobenzo\y-Z-tyrosyl-N-carbobenzo\y- 




i-lysine methyl ester, m.p. 156° 

C32H3eOsN3 

None 

2 84 


ester of the lysine portion intact. The conversion of the ester (III) to 
the hydrazide is carried out in an even stronger alkaline medium, thus con- 
verting both the acetjdated as well as the deacetylated compound into the 
same hydrazide. 

The compound xvith a melting point of 156° gave an analytical value of 
8.06 per cent of acetyl; the compound with a melting point of 138° gave 
2.84 per cent. The theoretical values for the acetylated and deacetjdated 
esters are 6.80 and 0.00 respectively. The suspicion that the discrepancies 
might be due to the presence of the carbobenzoxy group was confirmed by 
acetyl anal}’-ses on model substances (Table I). 

An attempt was made to prepare the other moiety of the desired tetrapep- 
tide by esterif 3 dng carbobenzoxy'-l-glutamyl-Z-tyrosine monoethyl ester, 
followed by removal of the carbobenzoxy group. The esterification pro- 
ceeded satisfactorily' and the expected carbobenzo.xy diethyl ester w'as 
isolated in good ydeld. On treatment xvith palladium and hydrogen in 
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OAc 

i 

A 

U 

1 

CH. 

I 




Oil 

1 


XHCbzo 

coon f 

A 


CH; 

1 

A 

1 

(^') 

j 

(CH-.), 

1 

CH- 

1 

1 

CH; 

1 


1 

Cl H.K— CH— COOMc 

1 

Cbzo— NH— CH— CO— NH- 

-CH- 

-COOEt 


OR 

i 

;,a)R = H I 

:) 

l = COCH, \/ 

I 

CH. 


OH 


XHCbzo 

1 

CH. 

i 

(CH;). 


COOEt 

1 

CH; 

I 

CH; 


(VI) 


CH; 


-CO-NH— CH-COO.Me 

i 

Hydrazide (I\0 

Cbzo—XH—CH— CO— XH—CH— COOEt 
1 

Free diester (VII) 

✓ 


1 

OH 

i 

XHCbzo 

COOEt 

n 

1 

CH; 

i 1 

CH, 

j 

(vin) 

] 

1 

(CH;). 

CH; 

1 

CH, 

j 

[ 

•CO— NH— CH— CO— XH- 

1 

— CH— CO— NH- 

-CH— COOEt 


OH 

1 

i 


OH 

I 

1 

A 

XH, 

COOK 

A 

u 

1 

1 

CH; 

1 

CH; 

1 

u 

1 

CH, 

] 

1 

(CH.O, 

1 

CH, 

1 

1 

CHs 

I 

1— CH— CO— XH- 

1 

— CH— CO~NH— 

1 

-CH— CO— XH- 

— CH— COOH 


(IX) 


/-TyrosyU-Iysyl4-glutamyl4-tyrosine 
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alcoholic solution, an ill defined, though crystalline substance was obtained. 
Analytical data suggested it to be a mixture of /-glutamyl-Z-tyrosine mono- 
and diethyl esters. This procedure ivas therefore discarded in favor of 
the method of Fruton and Bergmann (4) who prepared the diethyl ester 
as an intermediate in the synthesis of glycyl-Z-glutamyl-/-tyrosine. The 
ester was not isolated in crystalline form. 

The hydrazide of the tyrosyllysine moiety, when allowed to react with 
nitrous acid in acetic acid solution, gave a ciystalline azide which was 
immediately treated with f-glutamyl-f-tyf-osine diethyl ester (VII) in ethyl 
acetate solution. Although the crude condensation product was obtained 
in good yield, an analytical^ pure material was difficult to prepare. The 
purity of this tetrapeptide derivative appeared to be particularly im- 
portant, because the anticipated removal of the protecting groups would 
yield a water-soluble compound whose molecular weight could not be de- 
termined by the conventional micromethods. Upon repeated recrystalli- 
zation from various solvent mixtures and finally from pure ethyl alcohol the 
compound was obtained in pure form; its solubility in organic solvents and 
camphor rendered it suitable for the determination of its molecular weight 
by the Hast method (5) . These values were in good agreement with theorj". 
This, together with the correct analytical figures for carbon, hydrogen, and 
nitrogen as well as ethoxyl and the absence of amino nitrogen may be taken 
as evidence that condensation to the tetrapeptide had taken place. 

Saponification of VIII under mild conditions followed by removal of_the 
two carbobenzoxy groups by catalytic hydrogenation with palladium black 
proceeded without difficulty and gave the desired f-tyrosyl-Wysyl-1- 
glutamyl-Z-tyrosine as the tetrahydrate. The final compound was op- 
tically active. It did not affect the arterial blood pressure of a pithed 
cat when injected in doses of 20 mg. per kilo. 

Since this compound contains two aromatic, one basic and one dicar- 
boxylic amino acid, it should be sensitive to hydrolysis by a number of 
proteolytic enzymes. The structural detail of a substrate necessary to 
render it susceptible to hydrolysis by proteolytic enzymes has been carefully 
investigated by Bergmann and his associates. The indispensable groups 
of substrates for carboxypeptidases according to Bergmann (6) are 

R 

! 

...— NH— CH— COOH 
(X) 

where R is a hydro.\ybenz 3 d or benzyl radical. The tetrapeptide which 
we have synthesized contains such an arrangement (Structure A, Fig. 1) and 
hence should be attacked by carbo.xypeptidase and the hj"drol 3 ’'sis should 
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CeH,a.OH 

NHa 

CHa 

COOH 

1 " 

Cj^eH^OH 

1 

CH- 

1 


[9^43 

1 

CHa 


■CH- 

CO~NHj 

-CH- j CO- MH- 

CH- jCO-MH 

-CH-COj-OH 

D 


c — - 

1 

— A 


Fig. 1. Structural formula for f-tyrosyl-f-Iysyl-f-glutamyl-f-tyrosine illustrating 
the necessarj- arrangements for hydrolysis by proteolytic enzymes: A, carboxypep- 
tidase; B, pepsin; C, trypsin; D, chymotrypsin. 



Fig. 2. The course of hydrolysis of f-tyrosyl-Mysyl-l-glutamyl-f-tyrosine by 
carboxypeptidase. The enzyme concentration rras 0.0067 mg. of N per cc. of test 
Bolution; the pH was maintained at 7.8 by means of O.I u phosphate buffer. Incuba- 
tion temperature 36°. 

proceed with the liberation of 1 molecule of tyrosine. The resulting tetra- 
peptide, with a glutamic' acid residue in terminal position, no longer con- 
tains the requisite groups in the backbone and may be expected to resist 
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further hydrolysis by this enzyme. Although Hofmann and Bergmann (7) 
found that a compound containing glutamic acid in terminal position can be 
hydrolyzed by carbo.xypeptidase, it should be noted that an exceedingly 
high concentration of the enzyme was necessary in order to hydrolyze 
carbobenzoxyglyc 3 d-Z-glutamic acid (7). These authors employed almost 
100 times as much enzyme for the hydrolysis of carbobenzoxyglycyl-1- 
glutamic acid as we have used in our experiments. Inspection of Fig. 2 
A^dll reveal that e.\'actly 1 mole of amino acid nitrogen has been liberated 
after 3 hours incubation of the tetrapeptide with carboxypeptidase with 
no further increase during the ensuing 9 hours. The concentration of 
carboxjTJeptidase was thereupon increased 50-fold, when a significant rise 
in amino nitrogen was observed, indicating that hydrolysis of the tripeptide 
had taken place, probably with formation of tyrosine, lysine, and glutamic 
acid. The hydrolysis of tyrosyllysylglutamyltyrosine by cr 3 fstalline carboxy- 
peptidase thus proceeded as expected and fully confirmed the specificity 
requirements for this enzyme, as advanced by Bergmann (6). 

The specificity requirements for pepsin (6) call for the following arrange- 
ment of amino acids in the substrate molecule 

Ri R2 

I I 

— NH— CII— CO— -NH— CH. . . 

(XI) 

where Rj must be a benzyl- or hydroxybenz)'! radical and Ri an inert or 
preferably dicarbo.xylic amino acid residue such as glutamic acid. Since our 
tetrapeptide contains such atomic groups in its backbone and side chain 
(Structure B, Fig. 1), it should be sensitive to peptic digestion, and this is 
borne out by the experimental data reproduced in Fig. 3. The increase 
in amino nitrogen on incubation ivith pepsin corresponds to one peptide 
bond with no further increase on prolonged digestion. It must be con- 
cluded that pepsin attacks the substrate on the same sensitive peptide 
bond as does carboxypeptida.se; hence both liberate 1 mole of tyrosine. 

Contrary to our expectations, the residual tripeptide, tyrosyllysyl- 
glutamic acid, was entirely resistant to trjqjtic action, even in exceedingly 
high concentrations of the enzyme. The tripeptide contains the requisite 
groups (Structure C, Fig. 1) for typical trypsin substrates (6); i.e., the amino 
acid residue R in XII should be a lysyd 

R 

1 

—CO— NH— CH— CO— XII. . 

(XII) 

or arginyl radical with its amino and carbo.xyl groups involved in a peptide 
linkage. Since the concentration of both enzymes, pepsin and trypsin, was 




Fig. 3. The course of hydrolysis of /-tyrosyl-f-lysylJ-glutamyl-I-tyrosine bj- pep- 
sin, followed by trypsin. The enzyrac concentration was 0.4D5 mg. of pepsin N and 
0.094 mg. of trj-psin N per cc. of test solution. During peptic digestion the pH was 
maintained at 3.0 by me.ans of citrate buffer and adjusted to pH 7.8 after the addition 
of trypsin. The enzyme blank was determined on a solution of pepsin and trypsin 
in the same concentration as the test solution and maintained at pH 7.8. Incuba- 
tion temperature 36°. 



Fig. 4. The course of hydrolysis of f-tyrosyl-f-lysyl-f-glutamyl-f-tyrosine by 
rypsin and chymotrypsin. The enzyme concentration was 0.094 mg. of trypsin and 
•233 mg. of chymotrypsin X per cc. of test solution; pH 7.8 and incubation tem- 
perature 36°. 
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quite high, the inertness of the tripeplide to tiyptic hydrolysis (f.e., after 
peptic digestion of the tetrapeptide) might conceivably be attributed to an 
inhibiting effect of digestion products resulting from the action of trj'psin 
on pepsin. That a number of polypeptides are formed in appreciable 
amount is indicated by the constantly increasing enz^nne blank (Fig. 3) 
after the addition of trypsin to the tripeptide-tyrosine-pepsin mbcture. 
In order to avoid such complications the action of crystalline trypsin on the 
tetrapeptide, z.e. without previous pepsin digestion, was investigated 
(Fig. 4). Although the rate of hydrolysis was quite slow compared to 
carboxypeptidase or pepsin, this substrate was hydrolyzed at a speed 
comparable to other typical trypsin substrates such as benzoyl-l-lysinamide 
(6) and has the advantage that the course of the hydrolysis can be followed 
by amino nitrogen determinations rather than titration of the liberated 
carboxyl groups. 

Fruton and Bergmann (8) investigated the action of chymotrypsin on a 
number of synthetic substrates and found it to exhibit the phenomenon of 
multiple specificity. Chymotrypsin can act as a carbonyl proteinase 
(endopeptidase) or aminopeptidase (exopeptidase) requiring an aromatic 
amino acid whose carboxyl or amino group or both must be involved in a 
peptide linkage. The necessarj' structural detail is given by either XIII 
or XIV 


R R 

1 I 

NH.— CH— CO— NH . . . — NH— CH— CO— NH . . . 

(Xni) (XIV) 

where R must be a benzyl or hydro.xybenz 3 d radical. Since tyrosyl-l- 
tysyl-f-glutamyl-I-tyrosine contains one such grouping (Stmeture D, 
Fig. 1), chymotrypsin must exert at least its aminopeptidase effect; i.e., 
liberate 1 mole of tyrosine from 1 mole of the tetrapeptide. The increase 
in amino nitrogen with time obtained by chymotryptic digestion of the 
tetrapeptide is reproduced in Fig. 4. As anticipated, 1 mole of amino 
nitrogen was liberated during digestion. This amount of amino nitrogen 
must be attributed to tyrosine if the enzj'me action is due to exopeptidase 
activity. If, on the other hand, the enzyme should exhibit endopeptidase 
activity, two dipeptides would be formed. An a-aminocarboxyl deter- 
mination according to the ninhj'drin method of Van Slyke, Dillon, Mac- 
Fadyen, and Hamilton (9) after 96 hours digestion gave a value which 
corresponds to 97 per cent of the amino nitrogen liberated during the re- 
action. This may therefore serve as evidence that chymotrypsin had 
hj'drolyzed the first peptide bond (between the tyrosine and lysine amino 
acid residues) and hence had acted as an exopeptidase'. 
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The hydrolysis of the tetrapeptide bj' the four crystalline enzymes con- 
forms ■R'ith the concept that all proteolytic enzjTnes hydrolyze the peptide 
linkage but that it must be in a specific and proper en-rironment of amino 
acid residues. The inactivation of angiotonin by proteolj’tic enzymes sug- 
gested in a qualitative way that it contains at least three peptide linkages 
in an enviromnent of amino acid residues similar to Z-tyrosj’l-f-lysj-l-Z- 
glutamyl-f-tyrosine. It was hoped that a quantitative study of the action 
of crystalline enzymes on this tetrapeptide might yield some additional 
information regarding the “environment” of the peptide linkages in 
angiotonin. 


Table II 


Comparison of Action of Crystalline Proteolytic Enzymes on Angiotonin and 
l-Tyrosyl-l-lysyl-l-glulamyl-l-lyrosine 



Carbexypep- 

tidne 

1 Chymotrypsm. 

1 Trypsis 

Pepsm 

-Angiotonin 

Protein N per cc. test solution, 





mg 

0.0060 

0.0097 

0 0018 

0 053 

pH 

7.4 

7.1 

7 2 

4 5 

K* 

0 030 

0 036 

0.016 

0 042 

Ct 

5.00 

3 7 

86 0 

0 87 

Z-Tyrosyl Z lysyl-Z-glutamyl Z-tyrosme 

Protein N per cc test solution. 





mg 

0 0067 

0 233 

0 094 

0 495 

pH 

7 8 

7 8 

7 8 

3 0 

K* 

0 0016 

0 000104 

0 000303 

0 00182 

Ct 

0 24 ' 

0 00045 

0 00323 

0 036 


•K = 
tc = 


2 3 100 

— log—— — — — . I = incubation time in minutes 

1 100 - 7c, hydrolysis 

K 


mg. protein N per cc. test solution 


Reaction constants and proteolytic coefficients were calculated from the 
various data of Figs. 2 to 4 and compared to the corresponding values pre- 
viously reported (3) (Table 11). A strict comparison between the two 
sets of data is not possible, since the proteolytic coefficients for both sub- 
strates and the four enzymes should be known over the v\ hole pH range. 
Nevertheless, a few tentative conclusions can be drawn. Although the 
proteolytic coefficients for pepsin and carboxypeptidase are more than 10 
times greater for angiotonin than for the tetrapeptide, this does not neces- 
sarily indicate a difference in structure of the substrate. The values for 
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the action of trypsin and chymotrypsin on these two substrates are suffi- 
ciently wide to suggest a fundamental difference. The extreme sensitivity 
of angiotonin to the latter two enzymes must be due to a structural arrange- 
ment which had not as yet been realized in any S 3 mthetic substrate. Par- 
ticularly the peptide linkage in angiotonin which is sensitive to tryptic 
action must be distinctly different from Structure C, Fig. 1. Since the sub- 
stitution of arginine for lysine would only slightly more than double the 
value of the proteolytic coefficient (6), this sensitivity of angiotonin to 
trypsin possibly might be attributed to a new basic amino acid. Another 
possibility is that specificit}' requirements for trypsin have been too nar- 
rowly defined and must be broadened. 

The data on chymotrypsin do not lend themselves to such a comparison, 
since the proteolytic coefficient recorded in Table I for this enzyme refers 
only to its exopeptidase activity. It is conceivable, though unlikely (3), 
that chymotrypsin acts on angiotonin as an endopeptidase and an inter- 
pretation of the data on this enzyme should therefore be postponed until a 
suitable substrate becomes available. 

EXPERIMENTAL 

0-Acetyl-N-carbobenzoxy-l-tyrosyl Chloride (7) — This compound was pre- 
pared from 0-acetyl-N-carbobenzoxy-f-tyrosine and phosphorus penta- 
chloride according the method of Bergmann, Zerv'as, Salzmann, and 
Schleich (10). 

e-Carbobenzoxy-l-lysine Methyl Ester (77) — ^To a solution of 4.5 gm. 
of «-carbobenzoxy-Mysine methyl ester hydrochloride (11) in 10 cc. of water 
were added 50 cc. of ether and the mixture cooled in an ice-salt bath. An- 
hydrous potassium carbonate was slowly added with shaking until the 
aqueous portion became a paste (12). The free ester was obtained by ex- 
traction of the paste with ether, and the ethereal solution diluted with an 
equal volume of ethyl acetate and dried over anhydrous potassium car- 
bonate at 0°. 

0-Acetyl-N-carbobenzoxy-l-lyrosyl-€-carbobenzoxy-l-lysine M ethyl Ester 
(III) — 3.5 gm. of 0-acetyl-N-carbobenzoxy-Z-tyrosyl chloride in dry ether 
suspension were added in two portions with shaking to the above ether- 
ethyl acetate solution of the free carbobenzoxy-Z-lysine methyl ester. After 
addition of the first portion, £-carbobenzoxy-Z-lysine methyl ester hydro- 
chloride crj’stallized from the solution. The mixture was allowed to stand 
5 minutes and the second portion of acid chloride added together with 
an aqueous solution of 1.7 gm. of potassium carbonate. The mixture was 
shaken for 15 minutes, transferred to a separatory funnel, and a few cc. of 
pj'ridine added to decompose the excess acid chloride. 200 cc. of water and 
200 cc. of ether were added and the mixture shaken vigorously. 0-Acetyl- 
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N-CArbobenzoxj'-?-tjTOS 3 'l-e-carbobenzox}'-Z-l 3 'sme metbj'l ester separated as 
a flocculent precipitate between the two laj-ers. It was collected by centrif- 
ugation and washed with dilute hydrochloric acid, bicarbonate solution, 
and water. Yield, about 4.0 gm. On rectystallization from methjd 
alcohol, the substance melted at 138° (uncorrected). 

C„H,iOiN,. Calculated. C 61.45, H 6.16, X 6.63,— COCH, 6.80 
633 Found. *' 64.63, “ 6.17, “ 6.90, “ 8.06 

" 64.40, “ 6.19, " 6.76 

In several runs, a product was obtained which after reciy’stallization from 
methyl alcohol melted at 156°. In view of certain considerations dis- 
cussed in the theoretical part of this paper, this compound appears to be the 
deacetylated ester. 

C,iH,,0»Xi. Calculated. C 65.02, H 6.12, X 7.12,— COCH, 0.00 

590 Found. “ 64.62, “ 6.24, “ 6.32, “ 2.84 

“ 64.52, “ 6.0S, “ 6.41 

N-Carbohemoxy-Ulyrosyl-t-carbohemoxy-l-lysyl Hydrazide {IV) — ^2.0 gm. 
of the acetyl dicarbobenzoxytyrosyl-l-lysjd methyl ester dissoh^ed in warm 
methyl alcohol were treated with 0.6 cc. of hydrazine hj’drate. On stand- 
ing at room temperature overnight, 1.5 gm. of the crj'stalline hydrazide 
separated. For anah’sis, the substance was purified by solution in hot 
methyl alcohol and concentrated in vacuo imtil crystallization occurred; 
m.p. 210°. 

C,iH„0,Xs. Calculated. C 62.94, H 6.10, X 11.85 

590 Found. “ 62.47, “ 6.09, “ 11.48 

“ 62.59, “ 6.16, “ 11.20 

The hydrazide prepared from the higher melting ester (m.p. 156°), pre- 
sumably the deacetj'lated compound, also melted at 210°. Iso depression 
in melting point was noted with a mixture of the two hydrazides. 

H-Carbobemoxy-l-lyrosyl-e-carbobemoxy-l-lysyl-l-glutamyl-l-lyrosine Di- 
ethyl Ester (FIJI) — 1.5 gm. of N-carbobenzoxy-I-tyrosyl-e-carbobenzoxy- 
Wj'syl hydrazide were ground in a mortar with 20 cc. portions of warm 75 
per cent acetic acid. 225 cc. of this acid were required to produce a clear 
solution. After filtering, 113 cc. of water were carefullj’’ added to bring 
the acetic acid concentration to 50 per cent, and yet maintain complete 
solution. It w’-as cooled to 4° and treated with an aqueous solution of 210 
mg. of sodium nitrite. The azide crystallized out on standing in the ice 
bath for 10 minutes. The reaction mixture was diluted with 300 cc. of 
ice-cold water and extracted with cold ethyl acetate. The ethyl acetate 
solution was washed with ice water, cold bicarbonate solution, and again 
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with water. After drying over anhydrous magnesium sulfate at 0®, the 
solution was filtered directly into an ethyl acetate solution of Z-glutamyl-Z- 
tyrosine diethyl ester prepared from 1.6 gm. of the monoester. On stand- 
ing overnight a small amount of a gelatinous precipitate formed. This 
was removed by filtration and the clear ethyl acetate solution thoroughly 
washed with Avater, dilute hydrochloric acid, aqueous bicarbonate, and 
again with water. On concentration of the dried ethyl acetate solution, 
crystallization occurred. Yield about 1.0 gm. The substance was re- 
crj'stallized from alcohol-eth}'! acetate mixtures and 95 per cent ethyl 
alcohol; m.p. 204°. 

C^bHssOisNs. Calculated. C 63.57, H 6.38, N 7.57, OC 2 H 5 9.72, NH,-N 0.00 
Found. " 63.21, “ 6.44, " 7.57, “ 9.90, " 0.01 

“ 63.15," 6.46," 7.87, " '0.00 

Mol. wt., calculated, 925 

7.910 mg.; 28.75 mg. camphor; depression 10.4°, 10.6°; mol. wt. 979, 960 

2.305 " 31.57 " " " 2.9°, 2.7°; " “ 931, 1000 

l-Tyrosyl-l-lysyl-l-glutamyl-l-tyrosine (IX) — 230 mg. of the dicarbo- 
benzoxy tetrapeptide ester were dissolved in 15 cc. of 1 N NaOH by shaking 
at room temperature for 1 hour. A small amount of insoluble material 
was removed by filtration and the cooled filtrate acidified to Congo red with 
dilute hydrochloric acid. The product was collected by centrifugation, 
washed ivith water, dissolved in dilute sodium carbonate solution, and re- 
precipitated with h3'drochloric acid. The wet material was washed with 
Avater, dissolved in 25 cc. of alcohol, and hydrogenated in the presence of 
palladium black and a drop of glacial acetic acid. A feAV drops of AA’ater 
were added occasionally to keep the product in solution. When hydrog- 
enation Avas complete, the catalyst was filtered off and the solution con- 
centrated in vacuo. A crystalline product was obtained by repeated addition 
and removal of absolute methyl alcohol. The residue was recrystallized 
from an ethyl alcohol-Avater mixture and dried at 60° over phosphorus 
pentoxide for 1 hour. On concentration of all mother liquors and recrys- 
tallization from the same solvent mixture, a total yield of 160 mg. AA^as ob- 
tained. 


C28H5s0tN5-4H;0. Calculated. C 51.70, H 6.95, N 10.55, NH--N 4.16 
673 Found. " 51.62, " 6.60, “ 10.09, " 4.20 

The 4 molecules of AA’ater of crystallization could not be determined in the 
usual manner because of the instability of the peptide at temperatures high 
enough to remove the AA'ater quantitatively. The evidence for the presence 
of 4 molecules of water rests in the ratio of total N to NH2-N as aa’cII as in 
the results' of the enzymatic studies described beloAV. 
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Enzymatic Studies 

Enzymes — Carboxj'peptidase %vas prepared according to Anson ( 13 } 
and recrj'stallized four times. Crj'staliine pepsin, trj'psin, and chjTno- 
trjTJsin were prepared according to the directions of Northrop ( 14 ). All 
enzjTne preparations had previously been. tested for their acthitj', tj^pical 
sjTithetic substrates and angiotonin being used ( 3 , 6 ). 

Incubation — A standard solution of the tetrapeptide was prepared b3' 
dissolving 139 mg. in 25 cc. of water. For each of the e.\-periments re- 
corded in Figs. 2 to 4 , 5.00 cc. of the standard solution were diluted to 10.00 
cc. with the desired buffer containing the requisite amount of enzvTne. The 
final substrate concentration was therefore 0.1 nui, which corresponds to 
0 . 05 S 5 mg. of amino nitrogen per cc. of test solution for each amino group. 
Since there are two free ammo groups in the original substrate, the blank 
value in each experiment was 0.117 mg. of NH.-N per cc. 

0.1 M citrate or phosphate buffers were used to maintain the aciditv- at 
the desired v’alue. 

The course of the hj'drol3’sis was followed b3’ the nitrous acid method of 
Van Sl3’ke and the amino acid carbo.xvi in the ch3Tnotr3T}sin experiment 
w’as determined b3' the nmh3'drin method of Van Sl3'ke, Dillon, Mac- 
Fa3'den, and Hamilton ( 9 ). 

The authors are indebted to Miss Doris Brown for her valued assistance. 

SUMMARY 

The tetrapeptide, t3TOS3-ll3’S3'lglutam3'lt3’rosine, has been s3-iithesized 
by a method which establishes its structure. It was accomplished b3' 
condensation of the two dipeptides, t3T0S3-ll3'sine and glutam3'lt3’rosine, 
whose fimctional groups were protected. These protecting groups were 
removed, freeing the desired opticall3' active tetrapeptide in good 3'ield. 
This compound did not affect the arterial blood pressure of a pithed cat 
in doses of 20 mg. per kilo of bod3' weight. 

The tetrapeptide was subjected to enz3'matic h3'drol3'sis ,b3' crv'stalline 
carbox 3 T 5 eptidase, chymotrypsin, tr3-psin, and pepsin. It was h3'drol3'zed 
by these four enz5Tnes at the expected rate, thus supporting the specificit3' 
requirements for proteol3>tic enz3Tnes as suggested b3' Bergmaim and his 
associates. 

The rate of h3’drol3'sis under the influence of carbox3-peptidase and pepsin 
w’ss similar to the rate of inactivation of angiotonin b3' the same enz3-mes. 
Chv’motr3-psm and trypsin h3'drolyzed the tetrapeptide V'eiy much more 
slowl3* than angiotonin. It was suggested that the sensitivity of angiotonin 
to tr 3 ptic h3’drol3’’sis is due to an as yet unknown amino acid arrangement. 
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ON THE MECHANISM OF INVASION 

I. ANTIXVASIN I, AN ENZYME IN PLASMA 
Br ERWIN HAAS* 

(From Ihc Worcester Foundation jor Experimental Biology and the Worcester State 

Hospital, Worcester) 

(Received for publication, December C, 1015) 

The presence of a mucopolysaccharide, hyaluronic acid, in sidn (1) 
and of a specific enzyme, hj’aluronidase, in pathogenic bacteria (2-5), 
venoms (6), and spermatozoa (7-9) suggests that this enzyme plays an 
important role in processes of invasion by depolymerization of the mucoid 
ground substance of connective tissue. Additional evidence for the rdlc 
of the enzjme in increasing the permeability of the host tissue has been 
contributed by the observation that hyaluronidase and “spreading factor” 
are identical (3, 10-12). According to Duran-Reynals (13), the degree of 
invasiveness of bacteria is largely determined by the amount of spreading 
factor present, and the successive phases of infection induced by invasive 
bacteria include (1) the hydrolysis of the mucoid ground substance of the 
connective tissue (a pree.visting ph 3 'siological obstacle); (2) spreading 
primarily through the interstitial system of the connective tissue. 

Agreement seems to exist concerning the rdle of hyaluronidase as an 
invasion-promoting tool, but the defense mechanism of the body against 
the action of hyaluronidase has remained obscure. 

In this and in Papers II and III three new enzymes will be reported. 
Two of these are part of the defense mechanism of the body, rvhile the third 
promotes the invasion of bacteria and venoms. There are indications of 
two additional enzjmes acting in this scheme, one observed in the plasma, 
the other in the invading organism. 

A synonymous term for hyaluronidase, on account of its property of 
promoting spreading and invasion, could well be invasin. For this reason 
the terms “antinvasin” and “proinvasin” have been coined for the enzymes 
to be described. 

The first enzyme to be described in this paper has been found in normal 
blood plasma of mammals, birds, and fish. This ensyme rapidly destroys 
hyaluronidase and, due to this property, acts as an antinvasive catalyst. 
It will be referred to as antinvasin I. 

The second enzyme, proinvasin I, found in bacteria and venoms, will be 
described in Paper II. It rapidly inactivates antinvasin I, thus paralyzing 
the bod}' defense mechanism, and indirectly promotes invasion. 

* Present address, Institute of Pathology, Western Reserve University, Clevc- 
land, Ohio. 
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The third enzyme, antinvasin II, has been observed in normal plasma. 
It acts by destroying proinvasin I, thereby indirectly counteracting in- 
vasion. Tests for the quantitative determination of these three enzymes 
have been devised. The existence of a fourth enzyme, proinvSsin II, which 
inactivates antinvasin II, and a fifth enzyme, antinvasin III, which destroys 
proinvasin II, can be predicted from observations made on Staphylococcus 
aureus. A quantitative test for these enzymes has, as yet, not been estab- 
lished. From the observations in vitro it would seem that certain problems 
of invasion and immunity may be undeistood and ex^plained by the action 
of distinct catalysts occurring in plasma, spermatozoa, bacteria, and 
venoms. 


MECHANISM OF INVASION 

MECHANISM OE DEFENCE 



1 hyaluronidase I 

► 1 POLYSACCHARIDE | 



^SIN I ( 





1 PROINVASIN I 1 * 

1 




* 



{ PROINVASIN H 

4 

1 


aSnit I 




Fig. 1. Scheme of invasion 


Fig. 1 shows in a schematic arrangement these various enzymes in the 
sequence in which, according to our evidence, they react wdth each other 
and wth the polysaccharide. 

Antinvasin I — ^There exists in the literature a number of somewhat con- 
tradictory observations reporting the presence in serum of an inhibitor of 
hyaluronidase. Thus, for example, by use of the decapsulation of virulent 
bacteria as a test for hyaluronidase activity (14), it was found that heter- 
ologous as well as homologous antisera inhibited the action of the enzyme. 
The presence of a substance in horse serum inhibiting the action of the 
"diffusion factor” has been mentioned briefly (11). However, with the 
depolymerization of hyaluronic acid (10), the hydrolysis of hyaluronic acid 
(15), the formation of a mucin clot (16), or the velocity of spreading in the 
skin (13) as the methods of assay, it was concluded that (1) the effect of each 
antiserum is limited to the preparation used for immunization, (2) inhibition 



E. HAAS 


65 


of hyaluronidase actmty by antiserum is strictlj' specific, and (3) heter- 
ologous and normal sera exert no effect. 

In contrast to the above observations, it vriU be demonstrated here that 
normal plasma contains a non-specific, highly active enzyme, which '5 \tI 1 be 
referred to as antinvasin I. This enzjTne destroj's the enzjTnatic activity 
of h\'aluronidases derived from various sources. The mechanism of action 
of this enzjme as well as its distribution in various animals has been investi- 
gated. The reaction of antinvasin I with hyaluronidases obtained from 
testes, bacteria, and venoms has been studied; the properties of the enzjTne 
and a method of assay are described. 

Preparation of Test Substances 

Polysaccharide — Hyaluronic acid, an acid polysaccharide, was first 
isolated by Meyer and Palmer from a varietj' of human and animal sources 
(17). Their procedure for extraction of the polysaccharide from umbilical 
cord has been applied here, with some modifications, because it was observed 
that yield and quality of the isolated polysaccharide depend considerablj- 
on the experimental conditions. 

Human umbilical cord, washed free of blood, is stored in the ice box under 
acetone. The polysaccharide under these conditions remains unchanged 
for several months. For the e.xtraction of the polj-saccharide, the cord is 
minced and the acetone is pressed out; 120 gm. of cord, mixed with 70 gm. 
of sand, 250 cc. of water, and 100 cc. of Hayem’s solution, are kept for 7 
days at 2° and ground once daily for 15 minutes. The viscous solution 
which results is separated by centrifugation; the residue is twice reextracted 
by incubation with 200 cc. of water for a daj'. To the combined solutions 
acetate buffer of pH 4.7 is added to make a final concentration of 0.04 m, 
and the polysaccharide is separated by pouring the chilled solution into the 
4-fold volume of cold acetone. After the precipitate is washed with 
acetone and dried in vacuo over CaCh, the polysaccharide is obtained in 
stable form as a white powder; yield, 3.4 gm. No denaturation or depoly- 
merization takes place in the process of separation; ^Tscositj* and enzj-matic 
actmty are fully recovered by solution of the dry' powder in 0.02 xi acetate 
bufi'er of pH 4.7 and storage at low temperatm-e. 

Hyaluronidase from Testes — Claude and Duran-Reynals (18) have de- 
scribed a method for the preparation of spreading factor from testicular 
extracts. A somewhat modified procedure was used here for the isolation 
and purification of hyaluronidase. Testes of horse and hogs, trimmed of 
connective tissue, were minced in a meat grinder, extracted mth acetone, 
and dried in a stream of air. A very' active enzymie was obtained by ex- 
traction of the dry powder with 0.1 x acetic acid, fractionation with 
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ammonium sulfate between 0.3 and 0.7 saturation, and dialysis of the 
neutralized solution. Hyaluronidase from bovine testes, puriBed according 
to the procedure of Madinaveitia (19), was obtained through the kindness 
of Dr. Erwin Schwenk of the Schering Corporation. 

Hyaluronidase Jrom Pneumococcus Type II and Type VI — ^The method 
for the preparation of hyaluronidase from pneumococcus was essentially 
the same as that described by Meyer et al. (4) in the isolation of the enzyme 
from Clostridium welchii. Bacto-brain-heart infusion broth (Difco Labora- 
tories) Avas inoculated Avith cultures of pneumococcus type II and type IT 
(from the Antitoxin and Vaccine Laboratory, Boston) and incubated for 
17 hours at 37.5°. The cells Avere collected by centrifugation and sus- 
pended in a small amount of AA'ater AAdth an excess of toluene. The enzy'me 
was brought into solution by autolysis at 37.5° for 2 days and cell fragments 
were removed by centrifugation. Hyaluronidase Avas finally obtained in 
purified form by fractionation at pH 4.7 A\dth ammonium sulfate between 
0.3 and 0.8 saturation and subsequent dialysis. 

The course of CAmnts in the reaction of bacterial enzymes AAith plasma 
enzymes is determined essentially by the concentration of these biocatalyst^. 
To simulate physiological conditions as much as possible it seemed 
especially important not to alter the relative proportion betAA'een the 
various bacterial enzymes in the process of isolation. Accordingly, the 
enzymes employed in this study were obtained by concentration of the 
culture medium into AA-hich the enzymes had been released spontaneously 
by the groAAing cells. No fractionation AA-as used other than dialysis, Avhich 
removed salts and metabolites. 

Hyaluronidase and Proinvasin I from Pneumococcus Type VI — The 
enzymes AA^ere obtained from the supernatant solution of a 48 hour culture 
of pneumococcus after separation of the cells, concentration, and dialysis. 
Hyaluronidase prepared from the medium is about 70 times less pure than 
that isolated by autolysis of the cells and subsequent fractionation. In 
their reaction AAith antinAmsin I, however, both products are alike and the 
method of preparation of enziTOes from the culture medium has been 
adopted for other pathogens. 

Hyaluronidase and Proinvasin from Staphylococcus aureus — For the 
cultiAmtion of Staphylococcus aurexis, brain-heart infusion broth Avas heavily 
inoculated and incubated at 37.5° for 8, 24, and 48 hours respectively. 
Hyaluronidase (3, 4), as AA'ell as the proinvasin, appears in the culture me- 
dium during groAA'th of the bacteria and they remain in the solution Avhen the 
organisms are removed by centrifugation. In this respect the enzymes 
behave like exotoxins. The absolute amount of the enzymes released into 
the medium increases considerably Avith the time of incubation, the con- 
centration of hyaluronidase increasing faster than that of proinvasin. A 
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concentrated solution of the enzjTne was prepared from the 24 hour culture. 
The supernatant fluid, after removal of the bacteria, was put into a cello- 
phane bag and concentrated by evaporation in a strong current of air over a 
hot-plate. Precaution was taken to keep the temperature inside the bag 
below 35°. The concentrated enzyme solution finally was dialyzed to re- 
move phosphate and other interfering substances. 

Hyaturonidase and Proinvasinfrom Closlridium xcelchii. Type B — stock 
culture of this organism was furnished by the American Tj'pe Culture 
Collection of Georgetown University, Washington, D, C. In the prepara- 
tion of the enzj'mes from Clostridium vxlchii the same procedure was 
followed as that described for Staphylococcus aureus, e.vcept that the organ- 
isms were cultivated in thioglycoUate medium (No. 135 of the Baltimore 
Biological Laborator}’)- The organisms grew e.vceptionally well in this 
medium. 

Hyaluronidase and Proinvasin I from Snake Venom — Venom from two 
different types of poisonous snakes was used in this investigation. Both 
enzymes are present in these venoms in large amounts, although their 
relative concentration varies with the species. The venom obtained from 
the diamondback rattlesnake (Crotalus adamanteus) proved to be a richer 
source of hyaluronidase than that of the moccasin {Agkislrodon piscivorus). 
The concentration of proinv'asin I was found to be 10 times higher in the 
moccasin than in the rattlesnake. The purified and concentrated venoms 
were supplied by Ross Allen, Silver Springs, Florida, and they were kept 
as dry preparations at room temperature for several months. 

Test 

A method of measuring quantitatively the fall in viscosity due to the 
depolymerization of hyaluronic acid was used for the assay of hyaluroni- 
dase, of antinvasin, and of proinvasin. Under defined conditions of visco- 
metric assay similar to those used by Chain and Duthie (3), and Madina- 
veitia and Quibell (20), hyaluronidase n-ill decrease the visccsity of the 
polysaccharide at a rate directly proportional to its concentration. The 
test for hyaluronidase was set up in such a way that it could be used also for 
the quantitative determination of the other components in the chain of 
enzymes. Conditions hav'e been so arranged that any one of the enzymes 
indicated in Fig. 1 can be made the rate-determining factor. The rate of 
breakdown of the polj’saccharide wUI then be proportional to hyaluronidase 
and to proinvasin or it will be inversely proportional to antinvasins I and 
II. The test thus represents a model for the situation prevailing in the 
body with its continuous interplay between aggression and defense. It has 
been stated only V'erj' recently (21) that “the viscosimetric method is beset 
with difficulties.” The present investigation depends mainly on the exact 
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measurement of viscosity and a somewhat detailed description of the experi- 
mental conditions may be in order. 

Tesl for Hyaluronidasc — ^The enzyme, dissolved in borate buffer, and the 
polysaccharide, buffered by phosphate, were incubated separately at 25°. 
The rapid depolymerization of the polysaccharide, taking place after com- 

Tadle I 

Test Jot Hyaluronidasc 


Ostwflld viscosimeter, capillary diameter, 0.4S mm.;* hyaluronidase from bovine 
testicle; polysaccharide, 6 mg. per cc. of 0.02 m acetate buffer, pH 4,7;t tempera- 
ture, 25*. 


i 

Experiment i 
1 1 

Experiment i 
2 1 

Eipcri- 

mcnl 3 1 

Experi- 
ment 4 1 

Experi* 1 
xnent 5 | 

Eipcri* 
meat 6 

0,2 M horate buffer, pH 6.7, 

cc 

Water, cc 

Hyaluronidase, mg 

1 

0.25 

O.GO 

) - 

■ 

I 0.018 

1 

1 

^ 0.070 


Solutions incubated 10 min., then combined 


0.5 M phosphate buffer, pll 
7,0, cc 

1 

0.50 

0.25 

0.50 

0.25 

1.00 

1 

1 




2 NaCI, cc 




— f 

Polysaccharide, cc 





O.O^Macetate buffer, pH4. 7, | 
cc 1 


/ 


1 


Flow time, sec 

/i =* 125.6 





• 1 





1 

Half life time, i?o, 5cc. 




l645 

290 

125 

~ X 10’ f— 1 



0.6 

1.55 

3.4 

i 8.0 

1 

Ro Lsec.J 




* The viscosimeter substituted later had a capillary of 0.56 mm. in diameter. 
The time required for measurement of the viscosity thereby was reduced to one-half. 
Identical values for the relative viscosity were found, independent of these variations 
in the dimension of the capillary. 

t The polysaccharide concentration was increased later to 8 mg. per cc. to increase 
the accuracy of the test. 


bination of the two components, is measured at frequent intervals by follow- 
ing the decrease in viscosity. Experimental details are given in Table I 
and Fig. 2, while Table II illustrates the method of calculation. 

The decre'ase of viscosity as a function of hyaluronidase concentration 
and time is shown in Fig. 2. 

The time required to diminish the idscosity of the polysaccharide to 
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Table II 

Calculation of Relative Viscosity and Reaction Time 
t = time after addition of hj-aluronidase; l\ = Bow time of the solution containing 
buffer, salt, cntyme, and poli-saccharide; Is — flow time of the solution containing 
buffer, salt, and cnzjTne; U «= reaction time = [f + O^ti); rj = relative viscosity = 
[(ti/tj) — !];!?» = reaction time required for 50 per cent diminution of viscosity 
(half life time). 

Experiment 5, Table I; concentration of hyaluronidase, 0.035 mg. 


t 


t3 

tt 

V 

sec. 

sec. 1 

sec. 

sec. 


■0 

125.6 

63.2 


0.99 

47 

107.4 

63.2 

100 

0.70 

183 

97.4 

63.2 

232 

353 

0.54 

307 

92.8 

63.2 

0.46 

433 

S9.2 

63.2 

478 

0.41 

600 

86.2 

63.2 

643 

0.36 


Half life time, Ra = 290 seconds. 



Fig. 2. Depolymerization of the poU'saccharide as a function of bo^dne testis 
hyaluronidase. Experiment 3, 0.008 mg. of hyaluronidase; E.\periment 4, 0.018 mg.; 
Experiment 5, 0.035 mg. ; Experiment 6, 0.070 mg. 

50 per cent of the original level (half life time = Ro) was determined bj' 
interpolation of the graphs in Fig. 2. This time is appro.vimately inversely 
proportional to the enzj-me concentration, and by plotting 1/Ro as the 
function of the hjmluronidase nearly straight lines were obtained (Fig. 3). 
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The enzymatic activity of hyaluronidase from all these sources apparently 
can be determined with a high degree of accuracy. No inactivation of the 
enzyme takes place and the rate of reaction remains constant for the 
duration of the experiment. 

Test for Antinvasin I — ^Antinvasin I, the enzyme in blood plasma, reacts 
by destroying hyaluronidase. Activity and concentration of antinvasin 
I can be determined quantitatively by measuring the amount of hyaluroni- 
dase that has been destroyed in a given time. The rate of this reaction 
depends upon the concentration of the two enzymes, the reaction time, 
the temperature, the hydrogen ion concentration, and other factors like 



Fig. 3. Test for hyaluronidase. Curve 1, hyaluronidase from bovine testes; 
Curve 2, from type VI pneumococcus; Curve 3, from rattlesnake venom; Curve 4 , 
from moccasin venom, 

salt and protein concentration. Phosphate will completely inhibit the 
reaction of antinvasin I tvith hyaluronidase, while it does not interfere in the 
reaction of hyaluronidase with the polysaccharide. Experimental condi- 
tions of the test and mathematical treatment of the results can be simplified 
considerably ndth this arrangement because a clear cut separation of the 
two enzymatic processes becomes feasible. In the test described in Table 
III hyaluronidase is first incubated with antinvasin I of chicken plasma. 
Phosphate is absent dming this period while the reaction between antin- 
vasin I and hyaluronidase is in progress. The fraction of hyaluronidase 
remaining intact after its e.\posure to antinvasin I is then measured in the 
viscosimeter (Fig. 4). During this second part of the e.vperiment sufficient 
phosphate is present to prevent further activity of antinvasin I. 

Plasma contains no hymluronidase, since no depolymerization takes place 
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after its addition to the polysaccharide. The viscosity of the test solutions 
is shghtly increased by plasma, which necessitates a small correction. 

The method of calculating enzymatic activity from viscometric data was 
described in Table II. It has been extended here and applied for the 
determination of antinvasin I. The decrease in viscosity as a function of 
time is plotted in Fig. 4 for various concentrations of antinvasin I. 



Fig. 4. Depolymerization of the polysaccharide as a function of antinvasin I of 
chicken plasma. Experiment 3, without plasma; Experiment 6, with 0.10 cc. of 
plasma; Experiment 7, with 0.20 cc. of plasma. 

From the graphs in Fig. 4 the half life time of the polysaccharide, under 
various conditions, can be derived. If we designate 

Ra = half life time before reaction of hyaluronidase with plasma 
E = “ “ “ after “ “ “ ” “ 

A = activity of antinvasin I 

D = % of destruction of hyaluronidase in 10 min. at 25° by antinvasin I 
then 


(1) A = - - ■ (2) D = -4—. X 100(%) 

The activity of antinvasin I (.4) was calculated from the data obtained 
in Table III and Fig. 4 and from similar experiments performed tvith human, 
hog, and chicken plasma. The extent to tvhich the equation (1) conforms 
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■with the experimental results has been determined in Fig. 5 by plotting 
activity of antinvasin I as a fxmction of the antinvasin I concentration 
of plasma. 

The results illustrated in Fig. 5 indicate that under the conditions de- 
scribed an accurate determination Of antinvasin I in various soimces appears 
feasible. The test furthermore demonstrates the high acti\'ity of antin- 
vasin I. By means of equations (1) and (2), it can be calculated that the 
enzyme present in 0.05 cc. of human plasma is capable of destroying as 
much as 83 per cent of hyaluronidase in 10 minutes under the conditions 
of Table HI. 



Fig. 5. Test for antinvasia I in blood plasma of (Curve 1) human, (Curve 2) hog, 
and (Curve 3) chicken. (Hj-aluronidase of bovine testicle.) 

It is conceivable that antinvasin I also is responsible for the destruction 
and elimination of spreading factor from plasma; Duran-Eeynals (22) 
12 years ago observed rapid disappearance of spreading factor that had 
been introduced into the blood stream by intratesticular infection with 
staphylococci. 

Emyme Kinetics - — ^The test described in Table III and Fig. 5 can be 
employed to study the mechanism of action of antinvasin I, its properties, 
nnd its distribution in nature. It seemed of particular interest to investi- 
gate the kineties of the enzjme reaction in order to arrive at a better imder- 
standing of the delicate equilibrium conditions which seem to determine the 
course of interaction of the different components of this system. It will be 
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Table IV 

Activity of Antinvasin I As Function of Time 
Experimental conditions as in Table III. 



Experiment 

1 

Experiment 

2 

Experiment 

3 

Experuneot 

4 

0.2 M borate buffer, pH 6.7, cc. 

0.25 




'Water, cc 

0.00 




Plasma (chicken), cc- 





Hyaluronidase, mg 

0.05 




Incubated at 25° 






5 min 

10 min. 

20 min 

0 5m phosphate buffer, pH 7.0, cc. 

0.50 ] 




2 M NaCI, cc. 

0 25 [ 

— > 


—4 

Polysaccharide, cc. 

1.00 I 




Half life time Ro, sec 

170 




“ “ “ R, sec 


510 

640 




2 0 

2 8 

3 8 

Activity of antinvasin 1 A « — — — 

L - 







Fig 6 Activ'ity of antinvasin I as a function of time 

possible to airive at a clear understanding of these vital processes only 
the reaction rates as well as the concentrations of the individual catalyst 
are considered in both systems; t'.e,, in the invading organism and in thf 
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defense mechanism of the host. On the basis of the ph 3 'sicochemical data 
it be possible also to distinguish between the enzjTnatic nature of the 
catalj-sts considered here and antibody reactions postulated previouslj*. 

Efcd of Time on Reaction, Antinvasin I-Hyaluronidase — ^The time factor 
in this reaction has been investigated b\' incubation of constant amounts 
of hj'aluronidase and antinvasin I (chicken plasma) for various periods of 
time. The conditions of these experiments are given in Table TV and the 
results are shown in Fig. 6. 

Fig. 6 illustrates that the reaction of antinvasin I with, hyaluronidase 
depends considerably' on the time of reaction; after 20 minutes about 80 
per cent of hyaluronidase was destroyed. The speed of antibody reaction 
is in marked contrast to the comparatively slow rate of this enzyme reac- 
tion. Mayer and Heidelberger (23) have obtained evidence that combina- 
tion between pneumococcus polj'saccharides and their antibodies is at least 
90 per cent complete in less than 3 seconds. 

Effect of Concentration cm Reaction, Antinvasin l-Hyaluronidasc — ^The 
method described in Table III has been employed for the study of the 
rate of destruction of hyaluronidase by antinvasin I in which h represents 
the specific velocity constant of the following reaction: 


a Hyaluronidase 


= k X (hyaluronidase) X (antinvasin 1) 


We designate 

Bo = half life time before reaction with antinvasin I 
R = •> <■ “ after “ “ “ “ 

Co = concentration of hj-aluronidase before reaction with antinvasin I 
C = " “ <• after “ “ “ " 

^ = destruction of h 3 'aluronidase in 10 min. at 25° — a hyMuro n i d Me J 
According to Fig. 3, 


C X B = constant or (3) C X B = Co X Bo 
(4) C = Co X ^ 


(5) ^ = C.-C 


The rate of reaction as a function of hyaluronidase has been studied in 
Table V. Increasing amounts of hyaluronidase were added to a constant 
amount of antinvasin I and the rate of destruction of hyaluronidase was 
measured after incubation for 10 minutes at 25°. 
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The results of this experiment are given in Fig. 7. The rate of destruction 
of hyaluronidase by antinvasin I is directly proportional to the concentra- 
tion of hyaluronidase. This observation reveals a fact of considerable 

Table V 


Rate of Reaction As Function of Hyaluronidase Concentration 
Experimental arrangement and teat substances as in Table III; source of antin- 
vasin 1, 0.10 cc. of plasma of chicken. 


1 

Hyalurom'dase 

Half life time j 

Kate of reactloQ 

Experiment No, 

1 

C. 

1 

i?. 

X 


i 

fftg. 

see. 

see. 

mg, per JO min. 

1 

0.03 

290 

1180 

0.022 

2 

0.06 

175 

500 

0.039 

3 

0.09 

105 

265 

0.055 

4 

0.12 

58 

143 

0.072 



Fia. 7. Activity of antinvasin I as a function of hyaluronidase concentration 

physiolo^cal significance, since it demonstrates that antinvasin I, present 
in normal plasma, has the capacity of destroying large amounts of hyaluron- 
idase. Activity and concentration of the defense enzyme are apparently 
of such a magnitude that it can deal effectively vdth high concentrations 
of hyaluronidase, corresponding to a great number of invading organisms. 







From an inspection of Fig. 7 it becomes apparent that the activity 
of antinvasin I varies greatly with the concentration of hyaluronidase. 
In the analjriical test for antinvasin I it is therefore necessarj' to work with a 
constant amount and a standard preparation of hyaluronidase. 

T.^ble VI 


Rate of Reaction As F unction of Antincasin / Concentration 
Experimental conditions and test substances as in Table III; source of antin'vasin 
I, plasma of chicken; hipaluromdase, 0.05 mg. 


Experiaest Ko. 

Antiavtiia I 

Hill life tine 

Rate of rtactioa 

R» 

X 



ce. 

see. 

sec. 

n/. fer JO rtin. 

1 

0.05 

170 

370 

0.027 

2 


170 

&40 

0.037 

3 


170 

990 

0.(H2 

A 

0.30 

170 

IlSO 

0.043 



Fio. 8. Activity of antinvasin I as a function of antinvasin I concentration 

The rate of destruction of hyaluronidase as a function of antinvasin I 
concentration has been investigated by combining small but constant 
amounts of hyaluronidase with various concentrations of antinvasin I. 
The data of this experiment are given in Table 

^ A plot of this e.xperiment, shown in Fig. 8, demonstrates that propor- 
tionality between reaction velocity and concentration exists only at low 















78 


MECHANISM OF INVASION. I 


concentrations of antinvasin I. The reaction between antinvasin I and 
hyaluronidase then is first order with respect to each of these constituents. 
Formation of a dissociating antinvasin-hyaluronidase complex takes place 
with increasing concentration of antinvasin I. It would be premature to 
assign numerical values to the dissociation constant of this complex or to the 
velocity constant of the reaction because so far only crude enzyme prepara- 
tions have been employed. 

Effect of Polysaccharide Concentration — In the course of preparation of 
the polysaccharide it had been observed that the rate of reaction depended 
considerably on the quality of the polysacchaidde. The qualitative differ- 
ence observed between different preparations of the polysaccharide made it 
adidsable to investigate also the effect of various concentrations of the poly- 



os 1.0 LS ao 

7 RELATIVE VISCOSITY 


Fig. 9. .Activity of antinvasin I at various polysaccharide concentrations 

saccharide on the rate of reaction of antinvasin I. The activity of antin- 
vasin I at various polysaccharide concentrations has been investigated m 
the folloiving experiment. 

From the course of the reaction plotted in Fig. 9 it can be concluded 
that antinvasin I activity can be determined independent of the poly- 
saccharide concentration. Under the experimental conditions hyaluroni- 
dase is saturated with its substrate. Furthermore, there seems to be no 
competitive displacement of antinvasin I by an excess of polysaccharide. 

pH Optimum — The pH activity curve for enzymatic destruction of 
hyaluronidase by antinvasin I is shown in Fig. 10. Varying amounts of 
HCl and NaOH were added to different aliquots of hog plasma and the 
treated samples were allowed to react ndth bovine testicle hyaluronid^e 
at various pH values for 10 minutes at 25®. The antihyaluronidase activity 
produced by each of the treated sera was measured in the test described m 
Table III and was compared ndth that produced by a comparable amount of 
untreated plasma. 
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Antinvasin I is much less active at pH 5.1 and pH 9.2 respectively than 
at neutral reaction. This is not due to an inactivation of the enzyme by 
h 3 ’drogen ions or hydroxjd ions, as in both instances full activity has been 
regained after readjustment to pH 6.7. The pronounced ma.vimum of 
activity at pH 6.7 indicates that the velocity of the enzymatic reaction 
depend on the degree of ionization. The mechanism responsible for this 
optimum pH cannot be discussed at present. Onlj' after the isoelectric 
points of both enzymes have been determined will it be possible to ascertain 
which represents the active form, the ion or the undissociated enajme 
molecule. 



pH 

Fig. 10. Activity of antinvasin I as a function of pH 

Effect of Temperature on Reaction, Antinvasin I-Hyaluronidase — The 
activity of antinvasin I, like that of other enzymes, increases with tempera- 
ture. To test this relation quantitative!}’ hyaluronidase was exposed to the 
action of antinvasin for 10 minutes at 0° and 25° respectively. The re- 
maining hyaluronidase left intact after this time was measured at 25° 
and activity of antinvasin I calculated as described in Tables II and 
III. 

The activity of the enz}me at various temperatures is shown in Fig. 11. 
A temperature increase from 0-25° results in a 6-fold increase in enzvmatic 
activity, a value typical for an enzyme. 

Inhibition by Phosphate, Effect of Salts — After observing the formation 
of an enzyme complex between antinvasin I and hyaluronidase, it seemed 
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of interest to consider the nature of the chemical bond reactive in this 
complex. The participation of phosphate linlcages in the combination of 
enzyme protein and prosthetic group has been established previously in 
respiratory enzymes (24-26). Inorganic phosphate, in such cases, reacts 
as an inhibitor because it displaces the prosthetic group of the enzyme 
which is an organic phosphorus compound. Antinvasin I, likewise, is 
completely and specifically inhibited by inorgam'c phosphate and for 
reasons of analogy it may be predicted that in this enzyme reaction organic 
phosphate bonds are also involved. 



Fig. 11. Activity of antinvasin I as a function of temperature. Curve 1, at 0°; 
Curve 2, at 25°. 

Antinvasin I of hog plasma and hyaluronidase were incubated in phos- 
phate buffer, pH 7.0, of various strengths, and the reaction was allowed to 
proceed at 25° for 10 minutes. The enzymatic activity of antinvasin I 
was then determined under the conditions described in Table III- The 
results of the experiment are shown in Pig. 12. 

The effect of various electrolytes, sodium salts of weak and strong 
acids, has been investigated under the same conditions as described for 
phosphate by incubation of antinvasin I with hyaluronidase in neutral 
solution of the salts. The results of this experiment arranged in the order 
of increasing ionization of the acids are compiled in Table VII. 

The activity of antinvasin I is slightly increased by wmak electrobdcs, 
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while it is somewhat depressed by completely ionized electrolytes. The 
inhibition by phosphate is an e.xception to this rule. It is apparently caused 
by a specific reaction and not merely bj* a general salt effect. Cyanide, 



Fig. 12. Inhibition of antinvasia I by phosphate 


Table VII 

Effect of Salle on Anlincaein I 


Salt, 0.1 K 

Half life tiae 

B 


1 A. 

i ^ 


1 

see. 


fer cent 

Ko added salt . 


820 

3.2 


Borate 


870 

4.1 

28 Acceleration 

Cyanide ' 

170 

820 

3.8 

19 

Arsenate .... 

180 

870 

3.8 

19 

Phosphate 

195 

205 

0.05 

98 Inhibition 

Chloride 

195 

680 

2.5 

22 ** 

Kitrate 

180 

460 

1.5 

53 

Sulfate . . . 

170 

420 

1.5 

53 


even in high concentration, does not interfere with the activity of antin- 
■V asm I, which seems to indicate that heavy metals like copper or iron are 
not mvolved in the reaction mechanism of this enjyme. 

Siahilily of Aniinvasin I — ^The resistance of the enzyme against denatur- 
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ing agents like heat, acid, and bases has been investigated, and the results 
are presented in Table VIII. A knowledge of these data is required not 
only in future attempts at purification and isolation but also for the identi- | 

fication of the enzyme and its distinction from other biologically active j 

substances, like antibodies. ' 

From the data accumulated in Table VIII certain conclusions can be 
drawn in regard to the chemical nature of antinvasin I. The fact that the 
enzyme does not dialyze through a cellophane membrane indicates a high 
molecular weight. The stability of the enzyme against prolonged dialysis 
shows that no splitting off of a prosthetic group occurs. 

From the velocity of destruction at two temperatures the activation 
energy for enzyme inactivation \p. = AH + RT] has been calculated to 
correspond to 124,000 (calories per mole), which is a typical value for an 

Table VIII 


Slalfilittj of Anthwasin I (in Hog Plasma) 


Treatment 

Destruction 

Tune 

Temperature 

pH 



»c 


tcT «nl 

Storage, 16 days 

2 

7.5 

0 

Dialysis, 3 “ 

2 

6.0 

0 

15 min. 

25 

10.2 

20 

15 “ 

25 

2.9 

87 

15 " 

50 

6.7 

9 

15 “ 

55 

6.7 

84 


enzyme. The average value calculated for the destruction of thirty-four 
different enzymes was found to be = 68,600 (27). 

Substances like heparin (14), or antibodies (10, 13-16), have been re- 
ported to act as inhibitors of hyaluronidase, but antinvasin I can be dis- 
tinguished from these substances by its response to denaturation. Anti- 
bodies' are relatively thermostable (28), while the enzyme loses mast of 
its activity in 15 minutes at 55°. While antinvasin I is destroyed 
by slightly elevated temperatures and in weakly acidic solutions, heparin 
is completely stable even under much more drastic conditions (29). 

Source of Antinvasin I — Plasma containing antinvasin I was obtained 
from blood which had been defibrinated by stirring. 70 per cent less 
antinvasin I was found in serum after formation of the clot as compared "with 
the yield obtained from defibrinated blood. This loss presumably is due 
to adsorption of the enzyme. 

A few preliminary experiments were performed with various tissues in an 
attempt to obtain information about the origin of the enzyme, and wth 
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the hope of finding a richer source than plasma as a material for future 
isolation of the enzjTne. Various organs were minced and ground -with 
sand, extracted with water for a few hours at room temperature, and then 
centrifuged. The supernatant solutions were tested for antinvnsin I, 
but no activity was found in e.xtracts from spleen, Iddney, liver, heart, and 
stomach of hog or from the middle cendcal Ijunph nodes of beef. None 
was found in laked red blood corpuscles. An appreciable amount was 
found in thymus but these e.\tracts are very xtscous and inconvenient to 
manipulate. 

A number of obser\-ations has been reported in the preceding sections 
to demonstrate the enzjTnatic nature of antinvasin I and to distinguish it 
from antibodies. The enzymatic reaction described here may be taken 
as a mechanism of natural i mm unity against invading organisms, as distin- 
guished from the acquired immunity represented by antibodj" formation 
following exposure to antigens. Antibodies appear in the circulation 
following exposure of the animal to an antigen; their concentration falls 
off rapidly after this contact ceases. In contrast, antinvasin is present in 
normal plasma of all species investigated. Furthermore, antibodies react 
specifically with the antigen used for immunization while antinvasin I, 
in a non-spedfic reaction, will destroy hyaluronidases from various sources. 
Experiments which exemplify this fundamental difference are described in 
the following section. 

Distrilmlion of Aniinvasin I and Its Readion with Hyaluronidase from 
Various Sources — ^The test described in Table III was used here to in- 
vestigate the enzymatic reaction taking place after combination of antin- 
vasin I in various plasmas with different hyaluronidases. The hyaluroni- 
dase concentration in every case was adjusted to correspond to a half life 
time of Ro = 175 seconds. 

It is concluded from the foregoing facts that the healthy organism pos- 
sesses protective enzymes which, by destroying hyaluronidase, are destroy- 
mg tools of invasion. These protective enzymes found in normal plasma 
of all species investigated appear to be an important factor in natural 
immunity. An inspection of the data compiled in Table IX reveals that in 
the majority of cases reaction between plasma antinvasin I and hyaluroni- 
dase has taken place. This point strongly indicates the non-specificity 
of the process and it seemed obvious to predict the presence of an interfering 
substance in those exceptional instances in which the plasma enzymes 
failed to react with hyaluronidase. In Paper II a second enzyme, pro- 
mvasin I, will be described which is responsible for this interference. Cer- 
tsin pathogenic bacteria and snake venoms not onlj^ contain hyaluronidase 
as a tool for invasion of the tissues but also produce additional enzymes like 
promvasin to protect hy^aluronidase against destruction by the body* defense 


84 


MECHANISM OF INVASION. I 


Table IX 


Reaction of Antinvasin I of Various Plasmas with Hyaluronidases from 

Different Sources 


Some* ol byaluronidise 

Source of notio^ 
vasin I; plasma 

Activity of 
antinvasin I 

Destruction of 
hyaluronidase 

C-A-il-]’ 

Averare 

(OJf 




per cent 

per cent 

Horse testes 

Human 

4.9 

83 



Chicken 

3.8 

79 



Rabbit 

6.8 

87 



Beef 

1.4 

58 



Horse 

2.8 

74 

76 

Bovine testes 

Human 

9.2 

90 



Hog 

4.7 

83 



Chicken 

4.5 

82 



Carp 

2.1 

68 

! 


Babbit. 

l.ft 

50 



Beef 1 

0.32 

24 

66 

Pneumococcus type VI 

Human ! 

9.3 

90 



Hog 

0.85 

46 



Chicken 

1.8 

64 



Rabbit { 

1.0 

50 


j 

Beef i 

2.4 

71 

64 

Pneumococcus type II 

Human 

4.1 

80 



Hog 

0.66 

40 



Chicken 

0.88 

47 



Rabbit 

0.54 

35 



Beef 

1.5 

60 

52 

Clostridium welchii 

Human 

0.53 

35 



Hog 

2.2 

69 



Chicken 

0.1 

9 



Carp 

0.02 

2 



Beef 

10.2 

91 

41 

Staphylococcus aureus 

Human 

0.53 

35 



Hog 

0.17 

15 



Chicken 

0 

0 



Rabbit 

0 

0 



Beef 

4.1 

80 

26 

Snake venom, moccasin 

Human 

0 

0 



Hog 

0 

0 



Chicken 

0 

0 



Beef 

0 

0 



Horse 

0 

0 

0 


* A, relative concentration of antinvasin I in 0.1 cc. of plasma, 
t D, destruction of hyaluronidase in 10 minutes at 25°. 
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enzjTnes. The figures given in Table IX represent, therefore, minimum 
values for antinvasin I acti\*ity, depending upon the relative proportion of 
the enzj-mes proinvasin and hyaluronidase produced by the pathogenic 
organisms. Hyaluronidase from pneumococcus is accompanied by small 
amounts of proinvasin I and destruction of antinvasin I in this case proceeds 
at a slow rate. On the other hand, the larger amounts of proinvasin pro- 
duced by Slaphylococats anrcits or present in moccasin venom ■nill destroy 
antinvasin I so rapidl3’ that its rate of reaction vith hjmluronidase becomes 
negligible. Proinvasin I rapidlj' destroj-s antinvasin I in plasma and it is 
conceivable that the in vivo action of proinvasin I maj' be the reason for 
the lowered concentration of antinvasin I observed in plasma of certain 
indiriduals. 

At this point it ■ndll be necessarj' to consider the participation of still 
another enzj-me present in plasma, antinvasin II. The data in Table IX 
demonstrate that the acti\'it}' of antinvasin I of beef plasma is low with 
testicular hj'aluronidase, although the same plasma showed e.\ceptionallj' 
high actbity with hj'aluronidase isolated from Staphylococcus aureus and 
Clostridium wclchii. This observation was the first indication of the 
edstence of this new enaj-me, which was found later to be present in everj' 
plasma mvestigated. A more detailed description of this enzyme will be 
presented in Paper III of this series. Antin%'asin II reacts by destroj'ing 
proinvasin I from various sources such as bacteria and snake venoms. 
At low concentration of antinvasin I, for e.vample that prevailing in beef 
plasma or in the plasma of certain patients, reaction (h) proceeds so slowlj' 
that it becomes negligible compared to reaction (c). 

(o) Hj-aluronidase + antinvasin I — ♦ inactivated hyaluronidase 

(M -Antinvasin I 4- proinvasin I — » " antinvasin -I 

W Proinvasin I + antinvasin II — ♦ “ proinvasin I 

The over-all effect in this sequence of reactions will be that antinvasin I 
IS left intact to fulfil its protective function against invasion by destroj'ing 
hj’aluronidase while antinvasin II is supporting this function through elim- 
ination of proinvasin I. The figures given in Table IX for the activitj- of 
antmvasin I against bacterial hyaluronidases are TniniinuTn values. These 
values depend not onlj’ on the relative proportion of hyaluronidase to 
proinvasin but also on the concentration of antinvasin II. 

Variations in Concentration of Antinvasin I — The figures reported in 
Table IX for the concentration of antinvasin I represent the maximum 
values encountered in the course of this investigation. Considerable varia- 
tions have been found, however, which are explained by the fact that invad- 
mg organisms produce enzj-mes like proinvasin which destroy antinvasin. 

Preliminary experiments with patients and healthy individuals seem 
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to indicate a striking correlation between physical condition of the in- 
dividual and the concentration of this enzyme in plasma. In Table X 
a few isolated cases are summarized to illustrate this point. Hyaluronidase 
obtained from pneumococcus type VI was incubated for 10 minutes at 
25° with 0.1 cc. of plasma and the activity of antinvasin I was determined 
from the amount of hyaluronidase destroyed. The results of this experi- 
ment are shown in Table X. 


Table X 

Antinvasin I. in Plasma of Various Human Patients {Destruction of Hyaluronidase 

from Pneumococcus Type VI) 


Diagnosis 

Activity of antinvasin I 

1 

20 


11 


9 


8 


6 


5 

Typhoifl rfirripr 

5 





Table XI 

Antinvasin I in Plasma of Various Human Patients {Destruction of Hyaluronidase 

from Bovine Testes) 


1 

Diagnosis 

Activity of antinvasin I 

Healthv individuals (10 cases) 

6.3 

Rheumatic fever 

3.9 

Cellulitis, general arteriosclerosis 

3.2 

Clironic ulcer of leg and cellulitis 

2.6 

Paratyphoid carrier, recovered 

2.0 

Type X pneumococcic pneunvonia 

1.8 

Ervsipelas of inguinal region 

0.8 





Objections may be raised to the results presented in Table X that specific 
antibodies are responsible for the observed destruction of pneumococcus 
hyaluronidase by human plasma. Protective antibodies to a variety of 
infections may be found in individuals who have never had a clinically 
recognizable case of the disease in question. This argument cannot be 
applied if the destruction of bovine testis hyaluronidase is used as an indi- 
cator of the antinvasin I concentration in plasma. It can be assumed that 
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human plasma does not contain antibodies against hyaluronidase of bov-ine 
testicle. 0.1 cc. of plasma of various indiriduals was incubated for 10 
minutes at 25° nitb bovine testis hyaluronidase, and the activitv' of antin- 
vasin I was measured in the test described in Table III. The results are 
summarized in Table XI. 

Preliminaiy results, summarized in Tables X and XI, indicate a pro- 
nounced decrease of the antinvasin I concentration in the plasma of individ- 
uals with various disease conditions. A much more detailed investigation 
would be desirable to follow the concentration of these enzj-mes in the 
course of various infections. 

The present investigation has not been extended far enough to inchoate 
the significance of antinvasin I and II as therapeutic agents. It would be 
of interest to investigate this possibility not only in bacterial diseases but 
also in cases in which the toxic agent is a virus or comes from venomous or- 
ganisms like poisonous reptiles. 


StDEUARY 

1. An en^'me has been found in normal blood plasma which, by destroy- 
ing hj-aluronidase, acts as an antiinvasion catalj’st. 

2. The properties of the new enzyme, antinvasin I, have been investi- 
gated as well as its incidence and distribution, and a method of assay is 
described. 

3. The kinetics of the reaction have been stuched, incluchng the effects 
of temperature and pH on the activity and on the denaturation of the 
enzyme. 

.4. On the basis of these data the active principle can be differentiated 
from antibodies and it can be classified as an enzyme. 

5. Antinvasin I has been foimd in the normal plasma of all mammals, 
birds, and fish investigated. It reacts with about equal velocity with 
hyaluronidase obtained from a number of sources. 

6. The general occurrence and the unspecific reaction of antinvasin I 
further distinguish the enzyune from antibodies. 

I . A pronounced decrease in the concentration of antinvasin I has been 
observed in individuals with various infections. 

8. The wide distribution and reaction of antinvasin I with hyaluroni- 
d^es from various sources suggest that the enzyme plays an essential 
role in the defense mechanism of the body' by preventing invasion of certain 
bacteria and venoms. 


The author is indebted to Rose Oginsky for technical assistance, to 
r. E. J. Borkovic and Dr. H. Hamburger for selection of the patients, and 
to G. H. Searle and Company for a grant-in-aid which made this work pos- 
sible. 
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ON THE jMECHANISM OF EST^'ASION 
ir. PRomvASijsr i, an" exztaie in pathogexic bacteria 

AXD IX I-EXOMS 
Br ERWIX HAAS* 

(From the Worcester Foundation for Experimental Biology and the Worcester Stale 
Hospital, Worcester) 

(Received for publication, December 6, 1&45) 

In Paper I (1) a scheme was presented to illustrate the interplay of 
various enzymes in processes of invasion and defense. An enzyme was 
described, antinvasin I, which had been found in plasma and which, by 
destrojing hyaluronidase, acted as an antiinvasion catah’st. In the course 
of this investigation a second enz3-me was observed in the culture medium 
of certain bacteria and in snake venoms. This enzyme, proinvasin I, is 
produced by the pathogenic orgamsm simultaneously tvith hyaluronidase 
and acts by destrojing antinvasin I, the defensive enzjme in plasma. 
Hyaluronidase, although normallj- inactivated bj- antinvasin I, is then left 
intact, since it is accompanied and protected by proinvasin I in amounts 
sufficiently large to cause destruction of antinvasin I. It can be assumed 
that proinvasin I will materiallj* enhance the invasion of bacteria and 
venoms because, by eliminating antinvasin I, it permits the action of 
hyaluronidase to proceed unhindered. 

In the present study the distribution of proinvasin I and its properties 
have been investigated. The reaction of the enzjme with antinvasin I 
in plasma of various species has been studied and an analytical test pro- 
cedure devised for the quantitative determination of proinvasin I. The 
preparation of the test substances, as well as the viscometric method that is 
used for the determination of hyaluronidase and of antinvasin I, was do- 
scribed previously (1). The assaj' for proinvasin I essentiallj" consists of 
measuring the amount of antinvasin I that has been inactivated bj* pro- 
invasin I in the following sj'stem: 

Proinvasin I — * antinvasin I — » hyaluronidase — ► poI}"Eaccharide 

In the test procedure the antinvasin I of plasma is &st incubated with the 
proinvasin of snake venom or bacteria. The amount of antinvasin I left 
intact after this time is determined bj' measuring its action on bovine 
hyaluronidase. Finallj*, the remaining hyaluronidase is measured by its 

* Present address. Institute of Pathologj', Western Reserve University, Cleve- 
land, Ohio. 
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activit}'- in depolymerizing the polysaccharide. In its over-all effect, a 
rapid decrease in viscosity thus indicates high activity of proinvasin I. 

Test for Proinvasin I (Proinvasin I of Snake Venom) 

\ 

As a source of the enzyme, venom of the cottonmouth moccasin (Aghi- 
strodon pisdvorus) vas used in the first set of experiments. While pro- 
invasin I is present in the venom in high concentration, the amount of 


Table I 


Deslruclion of Ayilinvasin I of Human Plas/na by Proinvasin I of Moccasin Venom 


Ostwald viscosimeter, capillary diameter, 0.56 mm.; temperature, 25°; polys.ac- 
charide, 8 mg. per cc. of 0.02 st acetate buffer, pH 4.7; hyaluronidase from bovine 
testes, 0.50 mg. per co. of water; source of antinvasin I, human plasma; source of 
proinvasin I, moccasin venom. 



Experiment 

1 

Experi- 
ment 2 

Experi- 

ment 

3 

Experi- 

ment 

4 

Experi 

ment 

5 

Experi 

ment 

6 

0.2 .M borate, pH 6.7, cc. 



H 

16 


0 25 

Water, cc. 




■E3 


0 40 

Antinvasin I, cc. 

mm 

nn 

m 



0.10 

Proinvasin I, mg. 


■ 

■ 



0.02 


Solutions incubated 10 min., then combined with hyaluronidase 


Hyaluronidase, cc. 








0.10 


Solutions incubated 10 min., then combined with polysaccharide 


0.5 .M phosphate, pH 7 0, cc. 

0.50 

0.50 

1 


2 M XaCl, cc. 

0.25 

0.25 

1 _> 


Polysacchaiidc, cc. 

0.02 M acetate, pH 4.7, cc. 

1.00 

1.00 



Flow time, sec. 

Half life time, Po, sec. 

(2 = 39.2 

(, = 92 

145 

139 


P, 


. . , . T r . p - Pol 

.\ctivity of antinvasin I I A = I ■ ■ • 

L if 0 -1 

Destruction of antinvasin I by proinvasin I in 10 min. at 25°, % 


1965 

5.7 


390 

1.8 

75 


hyaluronidase is small; so that coirections for interference by hyaluronidase 
become negligible. Experimental details of the test are given in Table I, 
where the destruction of antinvasin I of human plasma by proinvasin I 
of moccasin venom has been investigated, according to the following 
procedures: Mixtures of proinvasin and antinvasin as well as the various 
controls were kept in a buffered solution for 10 niinutes at 25° vith 
occasional stirring. Antinvasin I, having been exposed to the action of 
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proinvasin I, was then allowed to react for 10 minutes at 25° ■nith bo^dne 
testis hyaluronidase. The activity of the remaining hyaluronidase was 
then measured \Tscometrically. 

In Experiments 1 and 2 the flow time is measured for the buffer and for 
the polysaccharide solution before the addition of h 3 'aluronidase. Experi- 
ment 3 shows the actmtj' of hyaluronidase. From a comparison of Experi- 
ments 3 and 4 it can be seen that the acti\'it}' of hjmluronidase remains 
practically unchanged after its combination •nith proinvasin; i.e., hyaluroni- 
dase does not react with proinvasin I. In Kxperiment 5 the acti\'ity of 



Fig. 1. Depolymerization of the polysaccharide as a function of proinvasin I. 
Curve 1, without plasma; Curve 2, with 0.1 cc. of plasma; Curves 3 to 5, with 0.1 cc. 
of plasma plus 0.01, 0.02, and 0.04 mg. of moccasin venom, respectively. 

antinvasin I is obtained and, finally, by comparing Experiments 5 and 6 
the destruction of antinvasin I by proinvasin I can be determined. 

Effect of Various Concentrations of Proinvasin I — The destruction of 
antmvasin I as a function of proinvasin I was investigated by incubating a 
constant amount of antinvasin I of human plasma for 10 minutes at 25° 
With varying amoimts of proinvasin of moccasin venom. In eveiy' other 
detail the experiments were conducted as described in Table I. Fig. 1 
shows the rate at which depolymerization proceeds in the various experi- 
ments. It demonstrates clearh’’ the pronounced effect of the two enzj-mes, 
antinvasin I and proinvasin I, on the breakdown of the substrate. These 
act indirectly and antagonistically to each other with the result that the 
rate of breakdown of the polj'saccharide is altered. 
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A comparison of Curves 1 and 2 illustrates the destructive effect of ant- 
invasin I on hyaluronidase, which is indicated by the diminished rate of 
depolymerization. The progressive destruction of the activity of antin- 
vasin I by proinvasin I is demonstrated by comparing the slow rate of 
depolymerization in Experiment 2 with the increasing rates in Experiments 
3, 4, and 5. In Fig. 2 the rate of destruction of antinvasin I is plotted 
as a function of the concentration of proinvasin I. 

The crude venom of the cottomnouth moccasin is a very potent source of 
proinvasin I; as little as 0.04 mg. of the venom sufBces to destroy 98 per 
cent of antinvasin I in 10 minutes under the conditions described in Table 
I. Hyaluronidase of venom, bacteria, etc., accompanied by such amounts 



Fig. 2. Test for proinvasin I. Destruction of antinvasin I of human plasma by 
proinvasin I of moccasin venom. 

of proinvasin I, is capable of playing its role as an invasive agent ivith maxi- 
mum efficiency because it is thus protected against destruction by antin- 
vasin I of plasma. 

Effect of Time on Reaction, Proinvasin I-Antinvasin J — ^The high efficiency 
of proinvasin I can be demonstrated further by observing the speed with 
which it destroys antinvasin I. In Table II constant amounts of proinvasin 
I from moccasin venom, and of antinvasin I from human plasma, were 
combined. It will be seen that even at room temperature, and at small 
concentration of proinvasin I, rapid reaction occurs, resulting in the com- 
plete destruction of antinvasin I in the course of a few minutes. 

Proinvasin I of Staphylococcus aureus — ^In the next experiment the reac- 
tion proinvasin I antinvasin I was further investigated; but here the 
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proinvasin I was obtained from Staphylococcus aureus instead of snake 
venom. Tliis preparation, which contains proinvasin I as well as hyaluroni- 
dase, was isolated as pre\iously described (1). 600 cc. of the medium from 
a hea%Tl}’ seeded culture jdelded 1.3 gm. of a crude enzjTne. This prepara- 
tion, although impure, contains sufficient proinvasin I in a sample of 5 mg. 
to destroy 65 per cent of antinvasin I in 10 minutes under the experimental 
conditions described. The activity of bacterial proinvasin I is shown in 
Table III; experimental details are similar to those described in Table I, 

Table II 


Destruction of jlniintasin I hy Protncasin I of Moccasin Venom As Function of Time 
Experimental conditions as in Table I; temperature, 25®. 


I Exp^nnest 

Expert- 

Expai- 

Expe-i- 


1 t 

cest 2 

cent 3 

c:eEt4 

0.2 ii borate buffer, pH 6.7, cc. 

i 0 25 

0.25 



Water, cc., .. 

0 40 

0 40 


..L 

.Antinvasin I, cc. 

j 0 10 

0.10 



Proinvasin I, mg. 





Solutions incubated for various penods, then combined with byaluronidase 

j i Oda 

1 ndc. 

5sn. 

Hyaluronidase, cc. 

^ 0 10 ' 

0.10 

0 10 

0.10 

Solutions incubated for 10 min , 

then combined with polvsaccharide 

0.5 ii phosphate buffer, pH 7.0, cc. 

* 0 50 ' 

] 



2 M XaCI, cc. 

0 25 

\ - 

— 


PolyBaceharide, cc. 

' 1 OO 

I 



Half life time, ffo, sec. 

210 

187 

187 

187 

.. .. « .. 

1 1260 

515 

395 

200 

. . , . r R - Ho" 

Activity of antinvasin I j A » — r — 

1 1 - 

1 S 

1 1 

0.07 

Destruction of antin\-asin I, % 

i 

70 

SI 

93 


The next experiments were performed to study the effect of various con- 
centrations of proinvasin I on antinvasin I. In these studies proinvasin I 
prepared from cultmres of different bacteria such as pneumococci, Staphylo- 
coccus aureus, and Closlridium uelchii was employed. Kg. 3 represents a 
summary of these studies. 

Three types of pathogenic bacteria and two venoms have been investi- 
gated and in each case the presence of proinvasin I was observed. It 
might be e.xpected from this evidence that proinvasin I is widely distributed. 

Reaction of Proinvasin I with Antinvasin I of Various Plasmas — Thus 
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Table III 

Destruction of Antinvasin I of Human Plasma Ify Proinvasin 1 of Staphylococcus aureus 


Source of proinvasin I, Staphylococcus aureus; source of antinvasin I, human 
plasma; source of hyaluronidase, bovine testes, 0.40 mg. per cc. of water; polysac- 
charide, 8 mg. per cc. of 0.02 M acetate buffer, pH 4.7. 



Eiptrimcnt 1 

Experi- 
ment 2 

Experi- 
ment 3 

Experi- 

ment! 

n.2 M hnr/itft buffer, pH fi.7, 

0.25 

0.25 

0.25 

0.25 

Water, cc 

0.50 

0.45 

0.50 

0.45 

Antinvasin I, cc 

0.05 


0.05 

Proinvasin T, mg 



5.0 

5.0 




1 



Incubated 10 min., then combined u’itb hyaluronidnse 


Hyaluronidase, cc. . . 

0.10 

0.10 

0.10 

0.10 






Incubated 10 min., then combined with polysaccharide 


0.5 M phosphate, pH 7.0, cc 

0.60 1 

ll 

1 


2 M NaCl, cc 

0.25 1 


1 


Polysaccharide, cc 

1.00 




Half life time. Re, sec 

170 

t 

145 


" " “ R, “ . 


1180 



Activity of antinvasin I |"a » — — — “j 

5.9 


1 2.1 

1 

Destruction of antinvasin I by proinvas 

in I in 10 min., % 

! . 



Fio^S. Test for proinvasin I. Destruction of antinvasin I by proinvasin I fro® 
various bacteria. Curves 1 to 3, proinvasin I of pneumococcus type VI, Staphylo- 
coccus aureus, and Clostridium welchit, respectively. 
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far human plasma had been used as a source of antinvasin I to investigate 
the destruction of this enzyme by proinvasin I. Tables IV and V demon- 
strate that antinvasin I in plasma other than that of humans, i.e. mammals, 
birds, fish, is likewise destroj'ed by proinvasin I. 

The activity of proinvasin I of snake venom was measured as described 
in Table I; i e., 0.1 cc. of the plasma was incubated for 10 minutes with 0.02 
mg of the venom, after which testis hyaluronidase was added and, finally, 
10 minutes later, the decomposition of the pol 5 ’saccharide was measured. 


Table IV 

Deitruction of Anliniasin I of Vanous Plasmas hy Proimasin I of Moccasin Venom 


Source of xnticxzsm I, pl&szna 

Activity of aatinvasm I 

Destruction of 
antinvasin I by 
proinvasin I 

prDm\asm I 

0 02 as 
p-oinvasin I 

Human 

5.8 

0.7 

per cent 

89 

Chicken 

3.4 

1 2 

66 

Hog 

4 3 

1.0 

78 

Golden carp 

1.5 

1 0 

33 


Table V 


Destruction of Antinvasin I of Vanous Plasmas by Proinvasin I of 
Staphylococcus aureus 


Source of antintasm I. plasma 

Activit> of antinvasin I 

Destruction of 
antinvasin I 
by promvasin 1 

‘Without 
promvasu I 

proinvasin I 

Human, R P 

8 9 

3.4 

per cent 

65 

“ A S. 

6 5 

5.9 

9 

Chicken 

4 5 

1.1 

76 

Hog 

4.7 

1.8 

62 

Carp 

2 1 

0 6 

72 


Table IV summarizes the effect of proinvasin I of moccasin venom on antin- 
vasin I of four different plasmas. 

The action of proinvasin I of Staphylococcus aureus on antinvasin I of 
various plasmas was determined imder the conditions described in Table 
III. The results are presented in Table V. The findings summarized in 
Tables IV and V indicate that proinvasin I, derived either from bacteria 
or from venoms, is capable of reaction with antinvasin I in the plasma of 
all species investigated. This evidence indicates that proinvasin I, by 
destroying the defensive enzyme in plasma, may play an essential role 
m the processes of invasion. 
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Protection of Hyaluronidasc by Proinvasin I — It had been observed pre- 
viously (1) that the velocity of reaction between antinvasin I and hyaluroni- 
dase varied gi-eatly, depending on the origin of the hyaluronidasc. These 
variations can be e.\'plained now, when the concentrations of proinvasin as 
well as hyaluronidasc are taken into account. Table VI shows the relative 


Table VI 


Relative Proportion of Proinvasin I to Hyalurontdase in Various Sources 


Source ot enzyme j 

^ Required for 

Froia^ asm I 

Hyaluronidase 

action* 

Proinvasin I 
action! 

Hyaluromdase 



mg. 


Pneumococcus type VI . . j 

1.25 

1.75 


Clostridium welchii 

3.6 

2.5 

1.4 

Staphylococcus aureus . 

9.0 

2.5 

3.6 

Moccasin venom 

0.10 

0.009 


Diamondback rattlesnake venom 

0.06 

0.05 

1 

1.2 


* Concentration of hyaluroniclase which will dopolymenze 50 per cent of the 


polysaccharide in 10 minutes at 25°. 

t Concentration of proinvasin which Bill cause destruction of 60 per cent of 
antinvasin I in 10 minutes at 25°. 


.Table VII 


Variations in Destruction of Hyaluronidasc of Testes, Bacteria, and Venom by Antin- 

vastn I 


Source o{ hyaluronidase* 

[ Destruction of hyaluromdiset 


per cent 

Testes 

71 

Pneumococcus type VI 

64 

Clostridium welchii 

41 

Staphylococcus aureus 

26 

Moccasin venom 

0 


* Concentration of hyaluronidasc adjusted to depolymenze 50 per cent of the 
polysaccharide in 180 seconds = Ra. 

t Average values after reaction for 10 minutes at 25° with 0.1 cc. of the following 
plasma: human, chicken, rabbit, beef, horse, and carp. 

concentration of these two invasion-promoting enzymes in preparations 
from various sources. The e.xtent to which hyaluronidasc of various sources 
has been destroyed by antinvasin I under identical conditions is evident 
in Table VII. 

By comparing the data in Tables VI and VII it nill be seen that the 
relative proportion of proinvasin I to hyaluronidase determines the course 
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of events, and the following conclusions can be drawn. (1) With large 
amounts of proinvasin I, such as are present in moccasin venom, the de- 
struction of antinvasin I takes place so rapidly that the reaction, antinvasin 
I-hyaluronidase, becomes negligible. In such a case hyaluronidase ^vill not 
be destroyed by antinvasin I, and invasion can proceed. (2) With small 
amounts of proinvasin I {e.g. pneumococcus) the destruction of antinvasin I 
becomes negligible. The reaction, antinvasin I-hyaluronidase, therefore 
will proceed rapidly, and hyaluronidase produced by pneumococcus nill be 
destroyed. Under these conditions antinvasin I in plasma would be 
capable of preventing invasion. 

It is evident from this discussion that a knowledge of the rates at which 
the various bacterial ensymes are released may be of considerable use in 
predicting their action in vivo. The amount of hyaluronidase and of 

T.ABLE VIII 


Jnaclivalion of Proinvasin I by Heat, Acid, and Alkali 
Source of proinvasin I, moccasin venom. 


Trcatnent (IS rota,) 

Protraction 

Temperature 

1 pH 

•c. 


ter ur.l 

25 

10.2 

0 

25 

3.0 

85 

55 , 

6.3 

91 


proinvasin I released into the medium bj' the bacteria after 8, 24, and 48 
hours of growth was determined in a culture of Staphylococcus aureus. 
The absolute amoimt of the two enzj-mes increases with time. It was 
further noticed that the ratio of hyaluronidase to proinvasin I was not 
constant, but increased considerably with time. This fact may be taken 
as evidence that the enzymes appear in the solution not merely as a result 
of autolysis of the bacteria. It seems that proinvasin I becomes available 
first as a means of neutralizing the action of antinvasin I. Thereafter are 
released increasing amounts of hyaluronidase (“spreading factor”), the 
enzyme which facilitates invasion by decomposition of the mucoid groimd 
substance of the connective tissue (2-5). Duran-Rejmals (6) has shown 
that the spreading factor greatly enhances experimental bacterial and 
virus infection in the skin. 

The experiments shown in Tables IV and V suggest that the destruction 
of antinvasin I by proinvasin I is a non-specific reaction of proinvasin of 
bacteria and venoms with antinvasin I, the enzyme in the plasma of aU 
species investigated. Certain exceptions from this rule have been observed. 
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however, cases in which antinvasin I was destroyed much less than usual, 
e.g. in the plasma of patient A. S. (Table V). This was the first indication 
that normal plasma contains another enzyme, in addition to antinvasin I, 
which destroys proinvasin I and w'hich acts therefore as a second anti- 
invasive factor. This enzyme, to which we will refer as antinvasin 11, 
will be described in Paper III. 

Stability of Proinvasin 1 against Denaturing Agents — A. few preliminary 
data are accumulated in Table VIII to provide some indication as to the 
chemical nature of the enzyme, to serve as a guide for the future isolation, 
and to distinguish proinvasin I from other enzymes present in venom. 

Some of the crude venoms have been found to be more potent than pure 
trjTisin (7). Proinvasin I can be distinguished from try^psin by its response 
to acidic reaction. While trypsin can be kept (8) ndthout appreciable loss 
for 24 houra at 30° and pH 3.0, proinvasin I in moccasin venom loses 85 
per cent of its activity at this pH in 15 minutes at 25°. Lecithinase has 
been found in snake venoms but the heat stability of this enzyme com- 
pared with that of proinvasin I in moccasin venom indicates that the two 
enzymes are not identical; Lecithinase has been reported to be stable to 
prolonged boiling (9) while proinvasin I loses 91 per cent of its activity in 
15 minutes at 55°. For the same reason proinvasin I cannot be identical 
wth the thermostable, glycolysis-inhibiting substance observed in a number 
of snake venoms (10). 

Other enzymes, such as 5-nucleotidases, phosphomono- and phospho- 
diesterases, have been found previously in venoms (11). The relation of 
the former enzyme to proinvasin I has not been investigated, but it seems 
certain that the “alkaline” type phosphoresterases are not identical with 
proinvasin I. Moccasin venom, which is a rich source of proinvasin I, 
is free of monoesterase, and the diesterase reacts much too slowly to be 
compared with proinvasin I. 


SUMMARY 

1. In the culture medium of certain pathogenic bacteria and in snake 
venoms a new enzyme has been found which \vill be referred to as “pro- 
invasin I.” 

2. This enzyme is produced by the same organisms which produce hyalu- 
ronidase; its apparent function is the destruction of antinvasin I, the de- 
fense enzyme of plasma. 

3. The relative proportion of the two enzymes, proinvasin I and hymlu- 
ronidase, varies greatly, depending on the source of the enzymes. 

4. The relative proportion of these two enzymes will determine the course 
of the reaction; if only small amounts of proinvasin I are present, hyaluroni- 
dase is unprotected; it will be destroyed by antinvasin I, and invasion by 
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this route is prevented. ^Mth high concentration of proinvasin I, antin- 
vasin I is rapidly destroyed and hyaluronidase, thus protected, is enabled 
to enhance invasion. 

5. It can be assumed that proinvasin I, by protecting hyaluronidase 
from destruction by plasma eruyme (antinvasin I), contributes materially 
to the severity of infections. 

6. An assay for proinvasin I has been described; some of the properties 
of the eniyme as well as its distribution in various sources have been 
investigated. 
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ON THE MECHANISM OF INVASION 
III. ANTIXV.A.SIN II, AN ENZYME IN PLASMA 
By ERWIN ItV.\S* 

(From the Worcester Foundation for Experimental Biology and the Worcester State 
Hospital, Worcester) 

(Received for publication, December 6, 1945) 

Two new enzymes have been described in pre\'ious papers (1). The 
first, antinvasin I, which is part of the defense mechanism of the body, 
has been found in blood plasma. The second enzj'me, proinvasin I, has 
been observed in the culture medium of pathogenic bacteria and in venoms; 
it constitutes apparentlj' part of the mechanism of tissue invasion by 
bacteria and animal toxins. In the course of this investigation the 
presence of a third new enzj'me was obser\'ed which will be described in the 
present paper. The function of this enzj'me, which occurs in the plasma 
of all animals investigated, is the destruction of proinvasin I. It reacts 
therefore as an antiinvasive catalj'st and we shall refer to it as antinvasin 
II. 


Mechanism of Action of Antinvasin II 

The activity of antinvasin II can be demonstrated bj' \'iscometric meas- 
urements, by the same method described previously for the determination 
of hj'aluronidase, antinvasin I, and proinvasin I. The depolymerization 
of the polysaccharide under certain conditions is a fimction of the concen- 
tration of antinvasin II in the following sequence of reactions: 

Antinvasin II — > proinvasin I — > antinvasin I — * hyaluronidase — ♦ polysaccharide 

Due to its intermediate position between antinvasins I and II, the 
action of proinvasin I will be determined largelj' bj' the relative proportion 
of antinvasin I to antinvasin II. For example, with large amounts of antin- 
vasin I, such as are present in plasma of healthy' individuals, proinvasin 

I vill react vith antinvasin I so fast that its reaction with antinvasin II 
can be neglected. Under these conditions antinvasin II carmot be demon- 
strated. Under certain conditions, however, e.g. in the plasma of patients 
vith infections, the concentration of antinvasin I is so low that its rate of 
reaction with proinvasin I becomes negligible. In this case antinvasin 

II will react with proinvasin I, resulting in the destruction of proinvasin I. 
This is apparently the physiological role of antinvasin II : the destruction 

* Present address. Institute of Pathology, Western Reserve University, Cleveland, 
Ohio. 
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of proinvasin I, the enzyme employed by the invading organism. This 
function of antinvasin II is of importance and it proceeds especially effi- 
ciently in those cases in which antinvasin I, the primary antiinvasive factor, 
has been depleted. 

Antinvasin II seems to be a normal constituent of plasma and its presence 
can be demonstrated under various conditions. (1) As already mentioned, 
it is present in plasma of individuals with various infections. (2) Plasma 
of beef is an especially rich source of antinvasin II, and the presence of this 
enzyme can be observed easily because bovine plasma normally has a low 
antinvasin I content. (3) Antinvasin II is more resistant to denaturation 
than antinvasin I. Due to this fact, it has been possible to demonstrate 
the presence of antinvasin II also in every normal plasma. 

EXPERIMENTAL 

Experimental details have been given previously for the preparation 
of the test substances, for the arrangement of the tests, and for the calcula- 
tion of the results (1). Essentially the same method was applied in the 
present investigation on antinvasin II. A few e.xperiments summarized 
in Tables I and II will describe the procedure used for the determination 
of antinvasin II. 

The experiments presented in Table I will illustrate some of the points 
mentioned in the introduction. A comparison of Experiments 1 and 2 
shows that proportionality easts between concentration and activity of 
antinvasin I. From a comparison of Experiments 2 and 4 it becomes evi- 
dent that the activity of antinvasin I is considerably diminished in the 
plasma of the patient ivith erysipelas of the inguinal region. The expen- 
ment shows furthermore that proinvasin I from Staphylococcus aureus 
destroys in 10 minutes 60 per cent of antinvasin I in normal plasma (Expen- 
ments 2 and 3), but that it fails to destroy antinvasin I in the plasma of the 
patient (Experiments 4 and 5). 

In Table II another set of experiments is presented to show that the 
apparent failure of proinvasin I to react with antinvasin I in the plasma 
of the patient is due to the destruction of proinvasin I by antinvasin 
II. 

From the experiments described in Table II the following conclusion 
can be drawn: (1) The activity of antinvasin I in bovine plasma (Experi- 
ment 1) is 40 times lower than that found in normal human plasma (Exiien- 
ment 2). (2) Antinvasin I, in human plasma, is rapidly destroyed by 

proinvasin I of Staphylococcus aureus (Experiments 2 and 3), but the addi- 
tion of 0.02 cc. of bovine plasma will afford almost complete protection for 
antinvasin I (Experiments 3 and 4). From tliis fact it is concluded that 
bovdne plasma contains an enzyme, antinvasin II, which is capable of de- 
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stroying proinvasin I. This destruction takes place so rapid!}' that further 
reaction of proinvasin I of Staphylococcus aureus Hith antinvasin I of human 
plasma is prevented. As the net result, antinvasin I maintains its activity, 
despite the presence of the bacterial enzjTne (proinvasin I). (3) No 
direct reaction takes place between antinvasin II and hyaluronidase 
(E-vperiment 1) and no reaction has been obsen'ed between antinvasins I 
and II (Experiments 2 and 5). 


Table I 

Reaction of Proinvasin J ivilh Antinvasin I of Various Plasmas {Proinvasin I, from 
Staphylococcus aureus) 


Plasma, II. P., from a health 5 ' individual; plasma, A. F., from a patient with 
erysipelas; hyaluronidase, from bovine testes (0.4 mg. per ce.) ; polysaccharide, S mg. 
per cc. of 0.02 xi acetate buffer, pH 4.7; temperature, 25°. 



Experimtnl 1 

' Erpen* 
meet 2 

Etperi- 

merit 

3 

I Eipen-j 
ment 

4 1 

Eipen- 

ment 

S 

0.2 M borate buffer, pH 6,7, cc. 

0.25 

1 _ 




Mater, cc. 

0.42 

i 




Plasma, R. P. (antinvasin I), cc. 

0 04 


miMiKi 

i 


■■ A. F. ( “ ‘ ID, ce. 




■ima 

o.os 

Proinvasin I, mg. 


1 

BH 

1 

5.0 

Solutions incubated 10 min., then combined with hyaluronidase 

1 

Hyaluronidase, cc. 

0.10 





Solutions incubated 10 min., then combined with polysaccharide 

0.5 M phosphate, pH 7.0, cc. 

0.50 





2 M HaCl, cc. 

0.25 

- 




Polysaccharide, cc. 

1.00 

1 




Half life time, J2ot sec. 

170 

170 

135 

170 

135 

“ “ " R, “ 

810 

1420 

545 

525 

490 

Activity of antinvasin I 

3.8 

7.4 


2.1 

2.6 

Destruction of antinvasin I proinvasii 

aim 10 min. at 25°, % 

60 


0 


The ne.xt experiment describes the destruction of proinvasin I of Staphy- 
lococcus aureus at various concentrations of antinvasin II, and for various 
sources of this enzjTne. The e.x|}erimental conditions are the same as 
described in Tables I and II; the results are shown in Fig. 1. 

An inspection of the results, plotted in Fig. 1, reveals that as little as 
0.006 cc. of bovine plasma suffices to destroy in 10 minutes at 25° 50 per 
cent of the proinvasin I present. The specimen of human plasma was 
found to be approximatel}' 6 times less effective in destroj'ing proinvasin I. 















Table II 

Deslruclion of Proinvasiti I of Staphylococcus aureus by Anlinvasin JI of Bovine Plasma 


Source of antinvasin I, normal human plasma; of antinvasin II, bovine nlasma; 
of hyaluronidase, bovine testes (0.40 me. n^r cc.V temneratnrn. 



Experiment 1 

Experi- 
ment 2 

Experi- 
ment 3 

Experi- 
ment 4 

Experi- 
mrnt 5 

0.2m borate buffer, pH 6 . 7, cc 

0.25 

1 



WM 

Water, cc 

0.52 

/ 



Hi 

Antinvasin I, cc 


0.08 


0.08 


“ II, cc 

O.OS 



0.02 


Proinvasin I, mg 




5.0 

m 

Solutions incubated 10 min. 

, then combined with hyaluronidase 


Hyaluronidase, cc 

0.10 



0.10 

0.10 

Solutions incubated 10 min., 

, then combined ■ 

with polysaccharide 


0.5 M phosphate, pH 7.0, cc 

0.50 

] 




2 M NaCl, cc 

0.25 

i 




Polysaccharide, cc 

1.00 (8 mg.) 

1 




Half life time, Ro, sec 

170 

170 

135 

135 

170 

" " R, “ 

200 

1420 

545 

1040 

1430 

Activity of antinvasin I 






r , R - iJol 


9 




" Ro J 

0.18 

7.4 

3.0 

6.7 

7.4 

Destruction of antinvasin I by proin\ 

'asin I, % 


60 

9 


“ “ proinvasin I *' antinvasin II, %. ... 



88 




ANTINVASIN r [plasma] 

Fiq. 1. Destruction of proinvasin I as a function of antinvasin II (test for 
antinvasin II). Curve 1, antinvasin II in plasma of patient with erysipelas; Curve 
2, antinvasin II in plasma of beef. 
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The latter value, for reasons mentioned in the introduction, depends con- 
siderably on the condition of the patient (relative proportion of antinvasin 
I to antinvasin II). 

Slabih'iy of Antinvasin II against Denaturation — Antinvasin 11, in human 
plasma, had been found so far only in certain patients and it seemed of 
interest to determine its presence also in normal individuals. As a pre- 
requisite, in testing for antinvasin II, it is essential to eliminate antinvasin 
I from the plasma. E.xperiments were performed therefore to investigate 
the stabilitj' of antinvasin II under various conditions. On the basis of 
this information it vas passible to remove antinvasin I from normal plasma 
and to test for antinvasin II. 

Samples of human plasma were adjusted by the addition of NaOH or 
HCl to the conditions described in Table III, then incubated, and finally 
neutralized. The remaining activity of antinvasin IT vas measured, as 
described in Table II and Fig. 1, and compared vrith that of an untreated 

III 


XnU'ncQiin II in Human Plasma, Effect of Acid, Alkali, and Heal ((Comparison tcilh 

Antinvasin I) 


Treatzseot (15 cub.) 

Icsetivatjoa 

i 

Teaperatcre 

pH 

Of Afiticruia n 

Of Afitisrxsfa I 

‘C. 


1 

ffr ctnt 

fer unt 

25 

10.1 

0 

20 

25 

3.0 

16 

87 

55 

7.8 

0 

Si 

60 

7.8 

16 

100 


ahquot. The residts of these e.vperiments are summarized in Table HI 
and a comparison is made of the action of various denaturing agents on 
antinvasin I and II. 

Antinvasin II, the enzyme which destroys proinvasin I, is much more 
resistant to denatiuation than antinvasin I, the enzyme which destroys 
hyaluronidase. Antinvasin I actirdty is abolished by incubation of plasma 
for 15 minutes at 60°, while antinvasin II essentially retains its activity 
under the same conditions. 

Reaction of Antinvasin II of Hitman Plasma icith Proinvasin I of Moccasin 
Venom — The ev-periments described in Table IV were undertaken, first, to 
demonstrate the presence of antinvasin II in normal human plasma and, 
secondly, to show that this enzjme is capable of destrojmg proinvasin I 
of snake venom as effecth'ely as that of bacteria. The latter observ'ation 
is of interest because it indicates a non-specific reaction of antinvasin II 
with proinvasin I obtained from widely different sources. On this basis 
it is concluded that antinvasin II does not react as an antibody. 
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The action of antinvasin II, directed against proinvasin I of various 
invading organisms, may possibly be of practical interest and it would be 
desirable to investigate the role of antinvasin II as a therapeutic agent 
in the treatment of bacterial infections and of snake-bites. 

The destruction of hyaluronidase by antinvasin I is evident from Experi- 
ments 1 and 2; the destruction of antinvasin I by proinvasin I is illustrated 
by comparing Experiments 2 and 4, and finally, the destruction of proin- 

Table IV 

Deslntclion of Pronivasin I of Moccasin Venom by Anlinvasin II of Human Plasma 


Source of antinvasin I, normal human plasma; of antinvasin II, normal human 
plasma incubated 15 min. at 60°; of hyaluronidase, bovine testes (0.40 mg. per cc.). 



Experiment 1 

Etperi- 
ment 2 

Exp>eri- 
ment 3 

Experi- 
ment 4 

Experi- 
ment 5 

0.2 M borate buffer, pH 6.7, cc. 


0.25 

0.25 

16 

■6 

Water, cc. 

0.50 

0.40 


16 

mm 

Antinvasin I, cc. 


HIE 


HE 


“ II, cc. 



0.10 


BE 

Proinvasin I, mg. 




0.02 

n 

Solutions incubated 10 min., then combined 

with hyaluronidase 


Hyaluronidase, cc. 

0.10 

- 


—4 

- 

Solutions incubated 10 min., 

then combined u ith polysaccharide 


0.5 M phosphate, pH 7.0, cc. 

0.50 





2 M NaCl, cc. 

0.25 


— y 


_♦ 

Polysaccharide, cc. 

1.00 (S mg.) 

1 




Half life time, Ro, see. 

270 

270 

270 

245 

245 

“ “ R, “ 


1840 

1840 

410 

1350 

r R - R^n 





Activity of antinvasin I ^ 

-J. 

5.8 

5.8 

0.7 

4.5 

Destruction of antinvasin I by pioinvasin I, %. 



88 

22 

“ “ proinvasin I “ antinvasin II, % . 
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vasin I by antinvasin II becomes apparent by confronting the results 
of Experiments 4 and 5. 

Antinvasin II has no direct action on antinvasin I and it does not react 
directly tvith hyaluronidase (Experiment 3). 

Reaction of Antinvasin II of Various Plasmas with Proinvasin I of Moc- 
casin Venom — The experiments reported in Table IV have been extended 
in Table V to include plasmas of five different species. In every case it 
was possible to demonstrate the presence of antinvasin II by the rapid 
destruction of proinvasin I. This is taken as evidence that antinvasin II 
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is a normal constituent of plasma in mammals, birds, and fish. It lends 
further support to the statement made previously that antinvasin II is not 
an antibody. (These animals had not been exposed to snake venom.) 

It has been proposed (2, 3) to use the presence of hyaluronidase as indi- 
cator for the presence of certain pathogenic bacteria in wounds. Incon- 
sistent results obtained with this method have been reported (4), which 
may be explained in terms of the reactions of these new enzymes, (o) 
Hyaluronidase cannot be demonstrated in the presence of plasma, because 
antinvasin I in plasma will cause the rapid destruction of hyaluronidase. 
(6) In a mixed infection of wounds, containing for. example both pneumococ- 
cus type VI and Sla-phylococcus aureiis, hyaluronidase may be demonstrated 
because proinvasin I, the enzyme produced by pathogenic bacteria, vdll 
rapidly destroy antinvasin I. Under these conditions hyaluronidase may 
accumulate, (c) However, even in a mixed infection, hyaluronidase may 


Table VI 

Destruction oj Proinvasin I hy Antinvasin II {Antinvasin II from Six Sources; Proin- 
vasin I from Two Sources) 


Source o{ antinvasin II;* plasma 

j Destruction of proinvasin I 

Of moccasin venom 

Of Slophyheoccus aureus 


per cent ' 

per cent 

Human 

94 

27 

tt 

92 

44 

Beef 

81 

75 

Hdg 

88 

0 

Chicken 

88 

0 

Carp 

87 

0 


* Each plasma had been incubated for 15 minutes at 60° to eliminate antinvasin I. 


disappear in the following sequence of enzymatic reactions: Antinvasin II, 
which is present in certain human plasmas in relatively large amounts, will 
destroy proinvasin I. Antinvasin I, thereby protected from the action of 
proinvasin I, is now capable of reacting with hyaluronidase. 

Indicalion for Additional Factors in Process of Invasion (Proinvasin II 
and Antinvasin III) — The last experiment (Table VI) is presented as a 
preliminary study, which seems to indicate the participation of two more 
constituents in this system of invading and defending enzymes. 

Plasmas of various species were investigated (Table VI) for their con- 
centration of antinvasin II. All six specimens were found to be very active, 
as judged by their ability to destroy proinvasin I of moccasin venom. 
However, when aliquots of these plasmas were tested against proinvasin 
I from Staphylococcus aureus, different results were obtained: Antinvasin 
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II of hog, chicken, carp, and human plasma either proved to be complete!}' 
unable to destroy proinvasin I of S. aureus, or its destructive acth-ity on 
the latter was much less than on proinvasin I of moccasin venom. Antin- 
vasin II is an unspwcific enz^-me, not an antibody; its failure to destroy 
proinvasin I indicates therefore the presence of an interfering factor in the 
en 2 }Tne preparation from S. aureus. We shall refer to this factor, pre- 
sumably an enryme, tentatively as “proinvasin II,” to imply that by its 
action the invasion of bacteria ■will be promoted. A comparison of the 
results in Table n shows that proinvasin II, in the enz}'me preparation 
from S. aureus, has reduced materially the acti\-ity of antinvasin II in 
human plasma and has completely inactivated antinvasin II in the plasma 
of hog, chicken, and carp, as indicated by its failure to destroy proinvasin 
I. With antinvasin II removed, proinvasin I can act to promote bacterial 
invasion, as previously described. The enz}'me system involved in the 
process of invasion seems to be more comple-v in bacteria than in venom; 
proinvasin II was observ'ed only in preparations from S. aureus, not in 
moccasin venom. The existence of proinvasin II in the eruyune preparation 
from jS. aureus was postulated after complete destruction of antinvasin 
II had been observed in the plasma of hog, chicken, and carp. An in- 
spection of the data in Table 'iT reveals that antinvasin 11 had been much 
less destroyed under equal conditions in human and in bo\-ine plasma. This 
apparent discrepancy can be e.xplained by assuming tentatively the presence 
in plasma of another eruyme, “antinvasin III,” which would act by 
destroying proinvasin II of 5. aureus. The course of events is then deter- 
mined by the concentration of antinvasin III in the following chain of 
reactions: 

Antinvasin III — ► proinvasin II — • antinvasin II — > proinvasin I -♦ 

antinvasin I — • hyaluronidase polj’saccharide 

A relatively high concentration of antinvasin III seems to occur in human 
and in bovine plasma, which results directly in destruction of proinvasin II 
and which leads indirectly to the destruction of proinvasin I and hyaluro- 
nidase. 

It should be emphasized that the conclusion reached with respect to the 
last two enzyunes, proinvasin II and antinvasin III, is considered prelimi- 
nary. Separation and purification of the various components will be 
required to continue the study of this complex sy'stem in greater detail. 

SUMMARY 

1. Evidence is presented for the occurrence of a new enzyme in plasma, 
designated as “antinvasin II.” 

2. The action of antinvasin II involves the destruction of proinvasin I, 
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the enzyme released by certain invading organisms. It is assumed that 
antinvasin II, due to this action, functions as a catalyst counteracting 
invasion and spreading of certain pathogenic bacteria and venoms. 

3. A procedure for the assay of antinvasin II is described, which allows 
the study of its properties and which makes it possible to demonstrate its 
presence in various plasmas, including that of patients. 

4. Based on-preliminary evidence, the participation of two more enzymes 
may be predicted in this system, one, “proinvasin II,” postulated to occur 
in Staphylococcus aureus, the other, “antinvasin III,” presumably occurring 
in plasma. 
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RIBONUCLEINASE 


III. THE BEHAVIOR OF COPPER AND CALCIUM IN THE PURIFICATION 
OF NUCLEIC ACID AND THE EFFECT OF THESE AND OTHER 
REAGENTS ON THE ACTRaTY OF RIBONUCLEINASE 

Br CHARLES A. ZITTLE 

(From The Biochemical Research Foundation, Nexcarh, Delaxcare) 

(Received for publication, October 20, 1945) 

The reactivity of most commercial samples of nucleic acid with ribo- 
nucleinase tvas shown (1) to be appro-vimately doubled bj' precipitation tvith 
5 volumes of acetic acid, an improvement which was due to the elimination 
of mononucleotides. In one instance, however, removal of the mononu- 
cleotides in this manner did not increase the activit}'. Copper has been 
reported (2) to be inhibitorj' to ribonucleinase and, since copper vessels 
are occasionally used in industrj-, the presence of this metal was suspected. 
Further investigation has confirmed the inhibitoiy effect of copper on ribo- 
nucleinase and shown that copper was present in the nucleic acid and that 
it accompanied almost quantitatively the acetic acid-insoluble high polj-mer 
nucleic acid. For this reason, the activitj’ of the ribonucleinase nith the 
precipitated nucleic acid was less than r\-ith the crude nucleic acid. 

With some samples of nucleic acid, added copper was not inhibitoiy until 
a certain concentration was exceeded. Further e.xperiments suggested 
that the anti-copper factor might be an — SH compound. Since copper is 
usually regarded as inhibitorj' to enzjTnes because of its reactmty with 
essential — SH groups, other reagents that react uith — SH groups, oxi- 
dizing agents, alkjdating agents, etc., were employed with ribonucleinase. 
Several of these reagents were inhibitor^'. 

Calcium, variable amounts of which are contained in the crude nucleic 
acids, was also found to be concentrated by precipitation with acetic acid, 
but calcium was not inhibitoo' to ribonucleinase. Copper and zinc were 
found to be much more inhibitoiy than numerous other metals studied. 

Procedure 

The activity of the ribonucleinase was determined by the manometiic 
method (2), as in pre\'ious studies (1, 3). Crj'stalline ribonucleinase was 
used and the substrate ribonucleic acid purified bj' precipitating with 
5 volumes of glacial acetic acid. The metallic substances whose effects 
on ribonucleinase were being studied were placed in the main part of the 
Warburg flasks with the nucleic acid and sodium bicarbonate, and the ribo- 
nucleinase was introduced from the side arm after equilibrium had been 
reached. The other substances under study were added to the enzjme in 
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the side arm or in the main part of the flask and the nucleic acid was 
placed in the side arm. This procedure afforded time for interaction with 
the enzyme before it was mixed mth the substrate. 

The data confirming the inhibitory effect of copper (2) are shoira in Fig. 1, 
Curve A. In view of this effect the copper contents of several nucleic 
acids were determined. 0.5 gm. samples of nucleic acid were digested with 
40 cc. of nitric acid and 10 cc. of sulfuric acid for about 10 hours'; the digests 
were heated to dryness, dissolved in 1:1 HCl, dried again, and redissolved 
in 0 .5 N HCl. These solutions were partly neutralized to the point at which 
a precipitate, presumably calcium phosphate, started to form. The so- 



Fig. 1. The effect of copper and zinc on the activity of ribonucleinase. 140 mg. 
of nucleic acid were used as the substrate. The number of moles of copper or zinc 
indicated are contained in 3.5 cc. Curve A, effect of copper with nucleic acid, Sample 
EAj, Curve B, effect of copper with nucleic acid, Sample EAi. Curve C, effect of 
zinc with nucleic acid. Sample EAj. Like data were obtained for Curves A and B 
when the metals were added to the enzyme before mixing with the substrate. 

lutions were clarified bj"^ centrifuging, the supernatant fluids adjusted to 
a volume of 25 cc., and 10 cc. aliquots taken for copper analysis by the 
thiocyanate method (4). 

The copper found in several commercial samples of nucleic acid before 
and after precipitation with acetic acid is recorded in Table I, together with 
the reactivities of the nucleic acids with ribonucleinase. The samples 
(P and El) that contained a small amount of copper on precipitation showed 
a good increase in activity,' whereas those that contained larger amounts of 

' Presumably the small amount of copper present was concentrated by precipita- 
tion and would have been inhibitorj' if the increase in reactivity due to the removal 
of mononucleotides had not predominated. 
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copper (Samples E; and S) showed negligible increase in activity. With 
the nucleic acids, Samples E; and S, a 2.6- to 2.8-fold increase in the copper 
content resulted from precipitation. Since the amount of nucleic acid 
recovered in this step was about 25 per cent, a 4-fold increase in the copper 
would be e.xpected if all of the copper had accompanied the precipitate; 
according to the above data about 67 per cent of the copper accompanied 
the high polymer nucleic acid on precipitation. This was shown not to be 
a peculiar property of the copper contained in the nucleic acids, by adding 
copper sulfate to Sample Ej before precipitation to make the total copper 
concentration 53 y per 100 mg. The nucleic acid after precipitation (25 
per cent was recovered again) contained 131 y of copper per 100 mg. or 


Table I 

Certain Properties of Nucleic Acid before and after Precipitation iciOi Glacial 

Acetic Acid 


Swple* of nacUic Acid 

Kudeic acid 
recovered m 
pptn. 

Reactivitf 
with ribo^ 
fiucletcaaet 

Copper 

cootest 

Calctizzn 

costent 

Aah content 


cent 

c^m, per 1 y 
per kr. 

7 per JCO rtf 

P<f cent 

per uni 

P, unpreeipitated 


14.5 

12 

0.64 

11.6 

" precipitated 


26.9 


1.19 

14.0 

El, unpreeipitated 


16.1 

14 



" precipitated . . 

64 

24.0 




Es, unpreeipitated 


14.2 

21 

0.05 

11.6 

" precipitated 

25 

18.9 

59 

0.18 

11.9 

S, unpreeipitated .... 


15.2 

34 

0.15 

14.7 

“ precipitated . 

22 

14.0 

88 

0.47 

12.5 


‘These samples were obtained commerciaily: P, Pfanstiehl; E, Eastman; S, 
Schw arz. 

t In these measurements ISO mg. of the nucleic acid were used as the substrate. 
The activity is expressed as c unra. of CO: evolved per microgram of ribonucleinase 
per hour. 

63 per cent of the copper accompanied the precipitated nucleic acid. This 
increase in the copper content is sufficient to cancel out the increase in 
activity avpected from the elimination of mononucleotides. 

In the copper analyses it was noted that if the digests were completely 
neutralized the precipitate which formed, thought to be calcium phosphate, 
was larger in the precipitated samples of nucleic acid than in the unpre- 
cipitated. To make the observation quantitative the digests described 
above were analyzed for calcium. The digests were adjusted to pH 3 to 4, a 
pH at which little or no calcium phosphate precipitated,- the calcium pre- 

’ The appearance or non-appearance of this precipitate was not considered import- 
ant since it has been shown (5) that calcium phosphate readily changes to calcium 
oxalate in the presence of ammonium oxalate 
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cipitated with ammonium oxalate, and the precipitate of calcium oxalate 
titrated with standard permanganate. The results obtained are shoi\m in 
Table I. Comparison of the calcium content of the unprecipitated and 
precipitated nucleic acids, corrected for the amount of nucleic acid 
recovered, shows that the calcium accompanied almost quantitatively the 
high polymer nucleic acid. Other divalent ions may behave in the same 
way. The ash content (Table I) may be determined by the ratio of mono- 
valent and divalent ions. Wlien the calcium content was high (Sample 
P), the ash content of the precipitated nucleic acid was increased; when the 
calcium content was low (Samples E. and S) the ash content remained the 
same or decreased. The presence of calcium apparentlj’’ had no effect on 
the reactivity of the ribonucleinase with the nucleic acid since removal of the 
calcium with sodium oxalate did not affect the activity. 

Ribonucleinase was inhibited by copper with three samples (P, EA», 
and EAs) of nucleic acid, as sho\vn by Curve A (Sample EAj) of Fig. 1. 
With other samples of nucleic acid studied small concentrations of copprr 
did not inhibit ribonucleinase. One of these (Sample EAi) was studied over 
a wide range of copper concentrations (Curve B, Fig. 1) and it was found 
that after 1.1 X 10"® mole of copper was exceeded, the inhibition curve 
had about the same shape as Curve A.® It should be noted that zinc has 
been about equally inhibitory to ribonucleinase with no zone of no inhibi- 
tion with all nucleic acids studied (Curve C, Fig. 1). 

Sulfhydryl compounds and pyrophosphate were considered as substances 
that might be interfering with the action of copper. It Avas found that 
an excess of cysteine (2.0 X 10"® mole) prevented the action of 1.6 X 10"® 
mole of copper Anth nucleic acid Sample EAj but that the inhibition of the 
same amount of zinc AA^as decreased only about ’25 per cent. Since this 
experiment suggested that — SH compounds AA^ere invoh’ed, an attempt 
AA’as made to destroy the — SH compounds in a sample of nucleic acid (Sam- 
ple PL) by oxidation AA'ith H202.'' This treatment did not change the re- 
actiAuty of the nucleic acid AAuth ribonucleinase and decreased the zone of 
loAv inhibition only slightly (decreased from 1.6 to 1.2 X 10~® mole). The 
slope of the inhibition curve AA'as not changed. 

Pyrophosphate (2.0 X 10"® mole) decreased the inhibitor 3 '^ effect of zinc 
(1.6 X 10~® mole) on ribonucleinase about 30 per cent and had little or no 

’ The identity of curves was not found with all nucleic acids; the slope of Sample P 
was slightly less than that of Sample EA« (this difference was shown by zinc Avith the 
same nucleic acids) and the curve for Sample PL ("pool”), Avhich contained consider- 
able anticopper substance, was very flat. The significance of the different slopes is 
not apparent. 

100 cc. of 10 per cent nucleic acid at pH 7.4 Avere slowly treated with 15 cc. of 3.0 
per cent H-Oj at about 80°. This treatment bleached the solution from a dark brown 
to a straw color. The nucleic acid after standing 18 hours at 7° was precipitated with 
5 volumes of glacial acetic acid in the usual way. 
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influence on the action of copper. This was not studied in greater detail 
because this small amount of pyrophosphate precipitated some of the nucleic 
acid and was slightly inhibitory (about 8 per cent). These experiments 
were not conclusive, but it appears probable that an — SH compound is 
involved in the interference with the action of copper on ribonucleinase 
encountered with some samples of nucleic acid. 

The copper and zinc enzyme-inhibition curves (Cura’cs A, B, and C) 
in Fig. 1 are essentially hj^perbolic. In the case of Curve B the incomplete 
solubility of the basic carbonate of the metal, formed from the bicarbonate 
required in the test sj’stem, may be a contributing factor, although it was 
observed that the nucleic acid increased the solubility of the copper. This 
is not a factor with inhibition Curves A and C ; the shape of these curv'es is 
indicative of the formation of a dissociable compound between the metals 
and the enzyme (2). 

Other metals were tested on ribonucleinase in the usual way but none 
had very much eSect compared with copper and zinc. Silver (1.0 X 
10~® mole, calculated from the solubility of the carbonate) caused less than 
10 per cent inhibition; mercuric chloride (2.0 X 10^ mole) had a negligible 
eSeot. CobaVtous, cadmium, and ferric chlorides (2.0 X 10^ mole) had a 
negligible effect on ribonucleinase; the same concentration of nickelous 
chloride exerted about 10 per cent inhibition. Phenyhnercuric acetate 
tested in this manner had a negligible effect, but when in contact with the 
enzyme for about 30 minutes before mixing with the substrate, 2 X 10~* 
mole of this compound produced 25 per cent inhibition. Saturation of the 
test system with this compoimd gave 60 per cent inhibition. 

Oxidizing agents were tested because of their expected reaction with 
— SH groups which might be in the ribonucleinase molecule. The effect 
of arsenite and selenite on the activity of ribonucleinase was negh'gible.® 
Maleic acid was not inhibitory. Saturation of the test system with cystine 
had no effect on the actmty of the ribonucleinase. 

lodoacetate and iodoacetamide did not inhibit when placed with nucleic 
acid during the attainment of equilibrium, but were inhibitoiy (Fig. 2) 
when added to the ribonucleinase. These compoimds are relatively slow 
in their action (6, 7). 


niscussiON 

Most enzyme studies have been handicapped by' the use of an impure 
enzyme, whereas in the present studies the enzyme is pure but mifor- 
tunately the substrate is impure. The data in Table I for the copper and 
the calcium contents of unprecipitated and precipitated nucleic acid m- 

‘ These and subsequent data have been corrected for the CO- retained by the buf- 
fering capacity of the substances under test (1) and the experiments were performed 
with nucleic acids that contained no anti-copper factor. 
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dicate one of the difficulties that will be encountered in completely purify- 
ing nucleic acid and also serve to characterize the available material. 
Precipitation -with 5 volumes of glacial acetic acid serves principally to 
eliminate the low polymer nucleic acid, the tetra- and mononucleotides 
(1); accordingly it can be concluded that the divalent copper and calcium 
are preferentially bound by the high polymer, multivalent fraction of the 
nucleic acid. 

Another component of interest in the nucleic acid is the substance which 
neutralizes the effect of copper to some extent. It may be a sulfhydryl 
compound but, if so, it is difficult to understand why it was not quantita- 
tively destroyed by H2O2. 
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Fig. 2. The effect of iodoacetamide and iodoacetic acid on ribonucleinase. Curve 
A, iodoacetamide; Curve B, iodoacetate. 


Copper is the most inhibitory substance for ribonucleinase that has been 
encountered; even so the amounts giving inhibition are large compared with 
the amount of ribonucleinase used in each experiment, namely 30 7, which 
equals 2.3 X 10~® mole (8). This is a reflection of the degree of association 
between enzyme and copper. The hyperbolic inhibition curve indicates 
that a dissociable compound with the enzyme is involved. The inhibitory 
effect of silver on urease gives a curve (9) of this type, but in this case the 
degree of association is much greater, much less silver being required for a 
comparable degree of inactivation. Silver, mercury, and other metals 
were not inhibitorj'- to ribonucleinase under the same conditions. 

The relative effects of iodoacetamide and iodoacetate are contraiy to the 
usual experience with these reagents; the former reacts more rapidly with 
— SH compounds (7) and is more inhibitor}’- to enzymes (7, 10) ; however, 
the iodoacetate is the more inhibitor}’- to fermentation by living yeast cells 
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and by a cell-free j'east a\tract (7). The compounds used in the present 
experiments gave no iodine reaction with starch and reacted with cysteine 
to the same extent, as measured by the evolution of CO; from 0.1 m NaHCO; 
by the HI formed. Iodide, present to some e.\tent in both the compounds, 
was not inhibitory to ribonucleinase even when 1.0 X 10“'' mole was used. 
As a further check on the reagents, their action on urease in jack bean meal 
was determined manometrically (7). The results reported by others (7) 
were obtained; the iodoacetamide was almost completely inhibitory' and the 
iodoacetic acid only slightly inhibitory'. It was considered that because 
of the basic nature of the ribonucleinase (isoelectric point = 7.8 (8)) an 
inactive salt might be formed with the iodoacetic acid, but this seems 
unlikely' since trichloroacetate had a negligible effect on the ribonucleinase. 
A basic protein may be more reactive %vith the negatively' charged iodo- 
acetate than with the iodoacetamide and, without information on this point, 
it caiuiot be concluded that groups other than — SH are involved in the 
inactivation of ribonucleinase. 


SUXIMARY 

Copper and calcium, both present in commercial nucleic acids, accom- 
panied the insoluble high polymer fraction when a nucleic acid solution was 
precipitated with acetic acid. Copper inhibited ribonucleinase, and w'hen 
the amount of copper present in the crude nucleic acid was relatively' large 
it became noticeably' inhibitory' when the precipitated nucleic acid was used 
as the substrate for ribonucleinase. The presence of calcium apparently 
had no effect on ribonucleinase. A substance was present in some lots of 
nucleic acid which prevented the inhibition of ribonucleinase by copper until 
a certain concentration of copper was e.xceeded. Copper and zinc appar- 
ently' inhibit by' the formation of an inactive dissociable complex with the 
enzyme. Zinc was almost as inhibitory as copper; other metals tested had 
a negligible effect; pheny'hnercuric acetate was inhibitory'. lodoacetate 
and iodoacetamide, — SH reagents, also inhibited ribonucleinase. Con- 
trary' to the action of each on other enzymes, iodoacetic acid was more 
inhibitory' than iodoacetamide. Arsenite, selenite, cystine, and maleic 
acid had no effect on ribonucleinase. 
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In his thorough studj’ of ribonucleinase Kunitz (I) observed that ribo- 
nucleic acid even after long digestion tvith an e.vcess of enzjTue was still 10 
to 15 per cent precipitable with glacial acetic acid and 60 per cent pre- 
cipitable with uranium acetate in trichloroacetic acid. It was surmised 
that this might be due to the presence of some modified nucleic acid which 
cannot be attacked hy the enzj-me. Loring and Carpenter (2) pointed out 
that the titration data of Allen and Eiler (3) were in agreement with the 
observation of Kunitz. Loring (4) subsequently confirmed and e.vfended 
these findmgs and concluded that ribonucleic acid must contain at least 
two different types of linkages, one of which is labile and one of which 
is resistant to the action of ribonucleinase. Our own studies (5) 
had shonn that mononucleotides were inhibitor}' to ribonucleinase, and it 
was thought that the accumulation of mononucleotides might account for 
the incomplete digestion of ribonucleic acid. Studies reported herein in 
detail show that this cannot be the explanation. To throw further Ught 
on this phenomenon the course of hydrolysis of ribonucleic acid by enzyme 
and by sodium hydroxide, measured by precipitation unth uranium chlo- 
ride in trichloroacetic acid, has been studied, as well as the action of the 
enz}’me on nucleic acid partially degraded by alkali and the action of alkali 
on nucleic acid digested by the enav-rae. The observations support the 
suggestion by Loring (4) that ribonucleic acid contains two different types 
of linkages between mononucleotides, which, according to Gulland el al. 
(6), might arise from nucleotide side chains to the main po^-nucleotide 
trunk. 


Procedure 

Commercial nucleic acids (free acid or sodium salt) were used as obtained 
or after purification by precipitation with 5 volumes of glacial acetic acid 
(7). Crystalline ribonucleinase was prepared, and its actrvitj' determined 
by the manometric method, as in previous studies (5, 7). 

Precipitaiion of Nucleic Acid and Mononucleotides hy Uranium Chloride 
tn Trichloroacetic Acid — The nucleic adds were characterized by and the 
course of their hydrolysis followed by their precipitation with uranium 
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chloride in trichloroacetic acid. According to MacFadyen (8), nucleic 
acid is completely precipitated by this reagent at pH 1.5 .to 2.0, whereas 
the least soluble mononucleotides are precipitated only in the pH range of 
3.0 to 7.0. In the beginning of the present studies this reagent was made 
up in the proportions used by Kunitz (1): 0.25 per cent uranium chloride 
in 2.5 per cent trichloroacetic acid. 1 per cent solutions of nucleic acid were 
used for precipitation; even when strongly alkaline solutions were pre- 
cipitated a final pH of 1.4 to 1.6 was obtained.* This procedure was satis- 
factory when only small amounts of mononucleotides were present. In the 
course of alkaline hydrolysis of nucleic acid, however, it was found that a 
constant amount of precipitate was obtained with the uranium chloride 
reagent which persisted during prolonged treatment with alkali. The 
precipitation of mononucleotides was suspected and this was confirmed in 
experiments of which the results in Table I are typical. 

These data show that the mononucleotides adenylic and guanylic acids 
are precipitated below pH 3.0 and that the pH range of 1.0 to 2.0 
is critical; guanylic acid remains in solution at pH 1.00 but would be com- 
pletely precipitated at pH 1.65; adenylic acid remains in solution at pH 
1.50 but is almost completelj'’ precipitated at pH 2.00. Essentially the 
same results were found with both Reagents 1 and 2. It appears also that 
the two acids precipitate independently (the precipitate from the 0.25 
per cent mbcture at pH 1.50, for example, is largely accounted for by the 
guanylic acid expected to be precipitated at that pH) and that at the pH 
attained in our previous experiments (pH 1.4 to 1.6) only guanylic acid 
would have precipitated. It is of interest that in a complete hydrolysate 
of ribonucleic acid with alkali the residue that continued to precipitate 
with Reagent 1 is about 25 per cent of the nucleic acid, presumably the 
guanylic acid. In the hydrolytic studies to be reported Reagent 1 was 
modified by increasing the trichloroacetic acid to 5 per cent and, as before, 
an equal volume was added to a 1 per cent concentration of nucleic acid or 
its hydrolysate. Under these conditions the alkaline hydrolj’-sate men- 
tioned above gave a pH of 1.00 and no precipitate. 

Hydrolysis of Ribonucleic Acid by Ribonucleinase — -The extent of the action 
of ribonucleinase on several samples of ribonucleic acid is sho^vn in Table II. 
The maximum hydrolysis (24 hours) was 23 to 33 per cent, almost all of 
which takes place in the first 2 hours. No further hydrolysis was obtained 
when additional enzyme was added to Sample Ei, purified, at 20 hours. 
After hydrolysis the precipitate obtained with an equal volume of 0.5 x 
HCl is negligible (about 10 per cent of the uranium precipitate), but by 
adding alcohol as well, the amount of precipitate obtained is proportional 

> The values throughout were measured with a Beckman glass electrode pH meter, 
laboratory model G, calibrated with a standard buffer. 
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to the alcohol added (1 to 3 volumes). For fractionation of the hydroly- 
sates an amount of alcohol was chosen which would give a weight of pre- 
cipitate equivalent to the uranium precipitate; this separated the high 
polymer fraction from the mononucleotides, as confirmed bj' subsequent 
test with the uranium reagent. This high poh'mer fraction was tested with 
ribonucleinase but no further h 3 ’drolysis occurred, measured bj' the amount 


Table I 

Precipitalion of Mononucleotides (Adenylic and Guanylic Acids) by Uranium Chloride 
in Trichloroacetic Acid, As Function of pH 


Mononucleotide concentration* 

Re- 

agent 

No.*t 

Solution med to adjust pH 

pH 

1 

Weight of 
ppt.t 

Pptd,§ 

0.25% each, adenylic and 

1 

0.5 cc. 10% trichlo- 

1.10 


^er unt 

0 

guanylic acids 

K I( 

1 

roaeetic acid 

1.25 


15.0 

II II 

1 

0.2 cc. X XaOH 

1.50 

0.0120 

60.0 

0.25% adenvlic acid 

1 


1 28 

0 

0 

0.25% " 

1 

0.2 cc. N NaOH 

1.50 

0 

0 

0.25% “ 

1 

0.4 “ “ “ 

2.05 

0.0120 

120.0 

0.25% guanylic “ 

1 


1.25 

0.0010 

10.0 

0.25% 

1 

0.2 cc. X XaOH 

1.50 

0.0090 

90.0 

0.25% each, adenylic and 

2 


1.05 

0 

0 

guanylic acids 

II II 

2 

0.5 cc. N NaOH 

1.45 

0.0160 

80.0 


• The volume of solution and of reagent was 4.0 cc. in each case. 

t Reagent 1, 0.25 per cent uranium chloride in 2.5 per cent trichloroacetic acid 
(1) ; pH 0.95. Reagent 2, 0.50 per cent uranium chloride in 4.0 per cent trichloroace- 
tic acid (8); pH 0.80. 

+ The precipitates after standing 15 minutes at 25° were sedimented in a centri- 
fuge in tared tubes. The precipitate was spread in a thin layer over the inside of 
the tube and dried at 70° for 16 hours. 

§ Based on the weight of the precipitate and the weight of mononucleotide. 
The uranium precipitate (Reagent 1) of nucleic acid is about 30 per cent heavier 
than the nucleic acid and probably the same would be true of the precipitate of 
the nucleotide. The mavimum precipitable in this case would be expected to be 
130 per cent. 

of the uranium precipitate or manometricallj'. From this it was concluded 
* that the accumulation of mononucleotides did not explain the termination 
of hj’drolysis at the 23 to 33 per cent level. 

Hydrolysis of Ribonucleic Acid with Sodium Hydroxide — The nucleic 
acid was hydrolyzed in the following manner. 5.0 gm. of nucleic acid 
(equivalent to approximatelj' 0.015 m of mononucleotides) were adjusted 
to pH 7 in a volume of 84 cc. and 16.0 cc. of n NaOH were added. Under 
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KIBONUCLEINASE. IV 


these conditions the pH was relativel3’' constant smce the NaOH was in 
excess. Immediatei.v after addition of the alkali a 1 .0 cc. sample was taken , 
diluted with 4.0 cc. of HoO, and 5.0 cc. of uranium reagent added; the pre- 
cipitate was collected and diied as before and weighed. Samples were 
taken at intervals thereafter. An experiment performed in this manner 
with the nucleic acid Sample EA; showed (Fig. 1) that hydrolj^sis was 
complete at 25° in 18 to 22 hours. Also shown in the same figure are re- 
sults with another sample of nucleic acid, “pool” (this was a pool of seA'eral 
samples which was purified by precipitation with acetic acid). The shape 


Table II 

Hydrolysis of Ribonucleic Acid with Ribonuclcinasc 


Sample* 

Reactivity measured 
manomctricallyf 

1 

1 

.Weight of ppt. before 
hydrolysis! 

Decrease in weight of 
ppt. by maximum 
hydrolysis} 

1 

1 c,mm, per 1 y per ftr» 

A’m. 

per cent 

El, purified 1 

24.0 

0.065 

23.1 

EAj 

25.6 


33.1 

EAs, purified 

28.1. 


32.0 

Streptococcus 

5.S 


28.9 

EA;, XaOH-treated | 

11.3 

0.034 

32.4 

E.Aj, purified, XaOH-treated 

12.9 

0.04S 

29.2 


* The samples were obtained frop) the following sources and treated as indi- 
cated: El, Eastman, free acid, purified; EAj, Einier and .Amend, sodium salt; E.Aj 
Eimer and Amend, free acid, purified; streptococcus, isolated from hemolytic strep- 
tococcus (9); E.Aj, XaOH-treated and E.Ai, purified, XaOH-treated; these prepara- 
tions were partially hydrolyzed with XnOH, as described in the text. Sample E.Aj 
for 0.5 hour. Sample E.Aj, purified, for 2.0 hours. .Additional data for these last 
two preparations are given in Table III. 

t 1S5 mg. of nucleic acid and 30 y of ribonucleinase in a volume of 3.5 cc. at pH 
7.5 and 37° (5, 7). 

J Weight of precipitate from 5.0 cc. of 1 per cent solution and 5.0 cc. of uranium 
reagent at 25°. 

§ 1 per cent solutions of nucleic acid were hydrolyzed at pH 7.5 and 25° for 24 
hours with the ratio of enzyme to substrate 1:1000. 

of this curve will be discussed later. Shown in the same figure is the course 
of hj'drolysis of the fraction of Sample EA2 recovered, after maximum hy- 
drolj'sis with ribonucleinase, bj" precipitation with HCl and alcohol, as 
described earlier. It is clear that this residue is more slowly hydrolyzed 
than the original nucleic acid. 

Similar experiments performed with the nucleic acid. Sample EA3, 
purified, are recorded in Fig. 2. Hydrolj’sis of this nucleic acid is much 
slower than of Sample EAj and it is not significantly altered by the presence 
of 0.3 SI XaCl; nor was it changed b3' reprecipitation with HCl and alcohol 
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(same as the procedure used to recover the ribonucleinase-hydrolyzed nu- 
cleic acid). Sample unpurified, of nucleic acid is more slowly hydro- 
lyzed than Sample purified, suggesting that if a contaminating 

substance is slowing the hydrolysis it may be reduced in amount by pre- 
cipitation v.'ith acetic acid. The fraction of Sample EA3, purified, of nucleic 
acid recovered after hydrolysis with ribonucleinase is more slowly hydro- 
lyzed than the parent nucleic acid, in this respect being similar to Sample EA.;, 



HYDROLYSIS, HOURS 

Fig. 1. The course of hydrolysis of ribonucleic acid by sodium h3-droxide measured 
by the precipitate obtained with the uranium reagent. The weights of the precip- 
itates are adjusted to the same initial weight of precipitate as Sample E.*t, . o, • 
nucleic acid Sample E.\.; nucleic acid “pool”; X, nucleic acid fraction recovered 
from Sample E.4- after hj-drolj'sis with ribonucleinase. 

Hydrolysis by Ribonucleinase of Nucleic Acid Partially Degraded by Sodium 
Hydroxide — With the data in Figs. 1 and 2 as guide partial hydrolysates of 
the nucleic acids, Samples EA. and EAj, purified, were prepared, neutral- 
ized, and tested manometrically with ribonucleinase. Pertinent data given 
in Table III show that, although the extent of hydrolysis performed with 
sodium hydromde equals (Sample EAj, purified) or e.xceeds (Sample KAj) 
the maximum obtained with ribonucleinase, the residue is stiU quite re- 
active with this enzyme. Furthermore, the data in Table 11 show that 
these degraded nucleic acids are hydrolyzed by ribonucleinase to the same 
degree as the original nucleic acids. 



0.090 



HYDROLYSIS, HOURS 

Fig. 2. The course of hydrolysis of ribonucleic acid by sodium h 3 'droxide measured 
bj' the precipitate obtained with the uranium reagent. The weights of the precip- 
itates are adjusted to the same initial weight of precipitate as Sample EAj , pur- 
ified. -f, nucleic acid EA, , unpurified; O, •, nucleic acid, Sample EAj , purified; 

A, nucleic acid, Sample EA, , purified, with 0.3 xi NaCl present; □, nucleic acid. 
Sample EAj , purified, after precipitation with HCl and alcohol; X, nucleic acid frac- 
tion recovered from Sample EAj , purified, after hj-drolysis with ribonucleinase; 

B, nucleic acid Sample EAj . See Fig. 1 for full curve. 

Table III 


Action of Ribonucleinase on Nucleic Acid Partially Hydrolysed by Sodiwn Hydroxide 


Sample 

Hydrolysis with 
sodium hydroxide 

Unhydrolyzed* 

Relative reactivityl 
with ribo- 

nucleinaset | 

Ratio of per cent 
unhydrolyzed to 
per cent reactivity 


hrs. j 

per un\ 

per cent . 


EA- 

0.5 j 

54 

44 

1.23 


1.0 ’ 

37 

24 

1.54 

EAs, purified 

2.0 

72 

46 

1.57 


3.8 j 

67 

31 

2.16 


* Measured by the amount of precipitate obtained with the uranium reagent, 
t Calculated as per cent of the reactivity of the original nucleic acid (100 mg.). 
The NaCl resulting from neutralization of the NaOH has no effect on the activity of 
the ribonucleinase. 
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DISCUSSION’ 

The experiments with uranium chloride in trichloroacetic acid indicate 
that this reagent should be used at or below pH 1.00 to prevent the pre- 
cipitation of mononucleotides; at pH 1.05 to 1.65 the principal mononu- 
cleotide precipitating would be guanj-lic acid. Use of this reagent in the 
past (1, 8) has been in most cases under conditions that would meet the 
above pH requirement. In some cases (5, 7) the soluble nucleic acid 
fraction (mononucleotides) was probablj' low by the amount of guanj’Iic 
acid precipitated. 

The hydrolysis cun’e of the “pool” nucleic acid (Fig. 1) appears to in- 
dicate the presence in the hydrolj'sate of a fraction other than nucleic 
acid that is precipitable by the uranium reagent; the pH of the hydrolysate 
and the pH when mixed with the uranium reagent were satisfactoiy. The 
presence of protein was suspected but tests for it were negative. Some 
contaminating material may cause the mononucleotides to precipitate. 
The streptococcus nucleic acid (Table II) was known to contain protein 
(9); after hydrolysis with alkali it gave a precipitate with the uranium rea- 
gent of 0.009 gm., which might be protein. The correction by’ this amount 
of the hydro\5’sis data for this nucleic acid in Table II would only change 
the per cent hydrolyzed from 28.9 to 34.9. 

The hj'drolysis of Sample EAj, purified (Fig. 2), was much slower than 
of Sample EAj, although performed under the same conditions. These 
two nucleic acids were about equally' reactive with ribonucleinase when 
tested manometrically (Table II); hence the difference was not due to a 
difference in polymer size; nor could the difference be due to a difference in 
the composition of the precipitates, since the reactiidty’ of the residue with 
ribonucleinase was what one might predict from the hydrolysis measured; 
nor did the difference in behaidor reside in a difference in salt content as 
shown by the addition of NaCl to Sample E.'Ij, purified. It should be 
pointed out that solutions of Sample EAj were very’ much darker than of 
Sample EAj. Since Sample EAj, unpurified, was more slowly hy’drolyzed 
than Sample EAs, purified, precipitation with acetic acid may have elimi- 
nated some material slowing the hydrolysis. 

Previous experiments (10) had shown that treatment of ribonucleic acid 
with HjOs greatly reduced the color present but did not change the reactivity 
with enzyme nor precipitability with acid. The nucleic acid Sample EAj 
was treated in this manner with the thought that, if the dark colored sub- 
stances were affecting the rate of hydrolysis, change of their character by 
oxidation might cause a change in the rate of hy’drolysis. The hydrolysis 
curve of the treated product, however, was identical with that for Sample 
EAa, purified, shown in Fig. 2. This interesting difference in rate of hy- 
drolysis with alkali which has been obsen’ed before (11, 12) apparently’ does 
not affect the hydroly'sis by ribonucleinase (Table II). 
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Thp precipitation of Sample EAa, purified, with HCl and alcohol did 
not improve its hydrolysis. This latter experiment was also useful in 
interpreting the hydrolysis by alkali of the ribonucleinase-hydrolyzed nu- 
cleic acid, since this was the procedure used in its recovery. Both Samples 
EA2 and EA3, purified, after ribonucleinase hydrolysis were more slowly 
hydrolyzed by sodium hydroxide. The interpretation of this finding is 
not apparent but the data support the hypothesis that two different types 
of bonds between mononucleotides exist in ribonucleic acid. The strongest 
evidence for this conclusion, however, was given by the data for the action 
of ribonucleinase on nucleic acid partiall}’’ degraded b}" sodium hydroxide 
(Table III). If the linkages between mononucleotides were all alike, some 
factor like the size of the nucleic acid molecules would necessarily have to 
be critical in limiting the extent of enzyme h5"drol3’^sis. The experiments in 
Table III show that this cannot be true, for the hj’drolysis performed with 
sodium hydroxide exceeded the maximum produced by the enz3'^me and 
yet thase degraded nucleic acids were still acted upon b3' ribonucleinase. 
Further, these alkali-degraded nucleic acids were still h3’drol3’-zed b3’’ ribo- 
nucleinase to the same extent (Table II) as the highl3' polymerized nucleic 
acids. The increase in the ratio of per cent unhydrolyzed to per cent re- 
activity probabl3’’ reflects the accumulation of the inhibiting mononucleo- 
tides (5) and the less reactive tetranucleotides. 

SUMMARY 

The course of hydrob’sis of ribonucleic acid was measured b3' precipita- 
tion of the unhydroh'zed nucleic acid with uranium chloride in trichloro- 
acetic acid; the optimum pH for the use of this reagent was shovm to lie 
at or below pH 1.00. The incomplete hydrolysis of ribonucleic acid b3' 
ribonucleinase was confirmed and hydrolysis was found not to be increased 
by the removal of the In'drolytic products, the mononucleotides. A strepto- 
coccus ribonucleic acid was incompletely h3’'drol3’-zed to the same degree 
as the yeast ribonucleic acid with Avhich these observations were made. 
Hydrolysis of ribonucleic acid by sodium hydroxide (O.IG n) at 25° was 
complete in 18 to 22 houre under favorable conditions; some samples of 
nucleic acid were not h3"drol3'zed in this time. Ribonucleic acid that had 
been hydrolyzed vath sodium hydroxide to an extent that exceeded the 
maximum obtained with ribonucleinase was still quite reactive with the 
enzyme. Ribonucleic acid subjected to maximum h3'drol3'sis with ribo- 
nucleinase was more SI0WI3' h3’drolyzed with sodium hvdroxide than the 
parent nucleic acid. 
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THE mCROBIOLOGICAL DETERRIINATION OF CERTAIN 
FREE A^HNO ACIDS IN HUMAN AND DOG PLASJ^IA 

Bt STANLEY W. HIER aot OLAF BERGEBI 

{From the Department of Biological Chemistry, College of Medicine, University of 
Illinois, and the Research Laboratories, The Wilson laboratories, Chicago) 

(Received for publication, Januarj 12, 1946) 

In a pretious paper (1) ire hate reported on the application of micro- 
biological amino acid assay procedures to the determination of free leucine, 
isoleucine, valine, and threonine in dog plasma. Dunn ei al. (2), using a 
microbiological method, have determined the free ti^iitophane content of 
human plasma. We have further extended these methods to the determi- 
nation of free ar^nine, histidine, isoleucine, leucine, lysine, phenjdalanine, 
threonine, trjTitophane, tjTosine, and valine in plasma samples from normal 
human subjects. In addition, the amoimts of these amino acids present 
in dog plasma, not previoush’ reported, are also presented. 

EXPERIMENT VL 

Methods 

The human subjects were volunteer freshman medical and dental stu- 
dents who fasted for 18 hours prenous to removal of the 50 cc. blood sample 
used for the test. Clottmg nas prevented by the use of heparin. The 
dogs used were mongrels of both sexes fasted 24 hours prei-ious to sampling. 


T^le I 

Recoiery of Arginine, Histidine, Lysine, Phenylalanine, and Tyrosine Added to Plasma 
Previous to Precipitation of Protein 


Ar^inme 

Histidine 

Ljsmc 

Phenjiabmne 

TjTosine 

Found 

percc 

pbisma 

Added 
per cc. 
plasma 

Recov 

cry 

Found percc 
pla&mtv 

y 

< 

Recovery 

2 

11 

O “ 

u 

O 

u 

•ci 

< 

Recovery 

U 

•f i 
p 

0 

W 

-li 

£ *3 

< 

Recovery 

y 

c S 

U 

^ ti 

-5 c. 
< 


1 

25 8 

23 1 
37.5 
27.0 

28 8 

1 

35 0 

18 0 
28.6 

21 4 

18 8 

ptTttnl 

101 

92 

121 

105 

92 

1 

13 2 
11 1 

10 5 
9 3 

11 7 

1 

8 6 
8 6 

7 5 

8 6 
8 6 

fa- 

cent 

85 

100 

115 

104 

91 

1 

15 8 
29 0 
24 0 
31 5 
19 5 

1 

ter 

cert 

98 

120 

89 

72 

116 

1 1 

9 0 37 5 
7 5 9 0 

11 9'l0 7 
14 3|l4 3 

12 3} 9 4 

ter 

cent 

84 

104 

113 

93 

109 

T 

7.5 

7 2 
13 8 
10 2 

8 7 

V 

8 0 
86 
8 6 
75 
8 6 

1 

Mean 

S D . 

102 

12 4 


99 

10 4 


99 

19 3 


101 

5 S 


106 

7 S 
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FREE AMINO ACIDS IN PLASMA 


Table II 

Free Amino Acid Content of Plasma from Normal Human Subjects 


Reported as micrograms of amino acid per cc. of plasma. 


Sub- 

ject 

No. 

1 

Age 

Argi- 

nice 



Leu- 

cine 

Lysine 


Threo- 

nine 

Trypto- 

phane 

Tyro- 

sine 

Valine 

Total 
of 10 
amino 

1 






mu 


1 


acids 


Males 



yrs . 












1 

37 

26.7 

11.7 

20.7 

25.7 

30.0 

12.5 


10.5 

17.1 

36.0 


2 

19 

19.8 

13.5 

16.0 

18.5 

28.4 

11.4 

31.5 

10.2 


26.7 

188.0 

3 

26 

22.2 

11.4 

14.3 

16.6 

23.9 

11.1 


9.6 

11.4 

32.7 


4 

PM 

18.3 

11.1 

15.2 

19.4 

27.0 

10.7 

18.8 

8.7 

11.7 

26.3 

167.2 

5 

17 


11.5 

15.0 

16.6 

20.0 

9.3 


10.2 

12.9 

28.5 


6 

19 


12.0 

16.8 

18.6 

36.8 

14.6 

22.4 

12.9 

15.3 

27.3 

207.0 

7 

18 

19.2 

14.4 

13.7 

20.9 

24.0 

13.7 


9.9 


25.7 


8 

30 

14.1 

11.4 

13.2 

18.9 

22.4 

11.6 

12.8 

9.3 

13.2 

27.2 

154.1 

10 

20 

15.6 

13.5 

17.3 

22.9 

25.0 

10.7 

13.4 

9.3 

12.6 

28.2 

168.5 

11 

20 

17.4 



20.4 

23.0 

MIM 


9.9 

11.7 

26.7 


12 

24 

14.4 

15.0 

12.5 

16.0 

28.4 

Bln 

18.6 

15.9 


22.5 


13 

Ktl 


15.3 

14.7 

20.1 

32.6 

16.9 

22.2 

15.6 


30.6 

204.9 

15 

27 

20.4 

17.1 

18.6 

23.1 

35.8 

14.7 

16.2 

12.9 

12.3 

29.3 

200.4 

16 

28 


16.5 

14.3 

19.2 

36.0 

14.3 

19.6 

13.2 

15.6 

29.6 

211.9 

24 

21 




19.2 

34.0 

20.0 

22.8 

11.1 

24.6 

30.5 

230.5 

25 

20 




27.8 

36.2 

20.6 

23.9 

12.9 

18.6 

33.0 

245.8 

26 

19 

20.7 

18.0 



27.5 

12.3 

24.5 

10.2 

14.4 

27.0 

192.5 

27 

18 




22.6 

31.7 

14.7 

23.7 

12.0 

19.8 

28.9 

213.6 

28 

21 

36.9 

13.5 



36.9 

17.1 

27.0 

10.5 

20.1 

37.4 

241.9 

29 



12.9 

18.9 

17.3 

28.2 

18.2 

20.3 

14.1 

20.7 

27.9 

210.6 

31 


21.6 

15.3 


21.0 

32.3 

18.5 

22.2 

6.9 

15.9 

28.8 

194.8 

32 


20.7 

13.5 

13.8 

16.5 

30.3 

12.6 

21.3 

7.5 

15.0 

28.5 

179.7 

33 

19 

24.6 

14.7 

14.9 


28.8 

16.7 

20.6 

12.0 

15.6 

28.5 

194.9 

34 

26 

23.1 




33.0 

14.7 

12.9 

12.0 

12.0 

24.8 

185.5 



1 

H 

20.3 

29.7 

14.0 

20.8 

11.1 

15.0 

2 l 9 

199.5 


HI 

6.4 

m 

m 

3.6 

4.6 

3.5 

4.9 

2.3 

4.2 

3.7 



Females 


9 

26 

21.9 

14.4 

12.8 

14.7 

28.2 

12.5 

15.9 

12.3 

12.3 

25.4 

170.4 

14 

18 

21.6 

13.8 

12.8 

14.0 

24.8 

12.0 

21.0 

10.8 

17.1 

24.3 

172.2 

17 

26 

23.7 


12.8 

15.8 

26.7 

10.7 


9.3 

10.8 

26.4 

170.8 

18 

34 

21.6 

13.5 

13.0 

15.5 

26.1 

9.6 


9.9 

8.7 

26.4 

168.9 

19 

25 

13.5 

14.1 

13.5 

17.1 

27.8 



10.8 

9.0 

23.3 

150.2 

20 

18 

22.5 

12.3 


12.6 

25.8 

10.5 

15.6 

7.8 

13.2 

25.2 

159.5 

22 

24 

24.3 

13.5 


18.0 

35.1 

15.7 

23.3 

8.4 

18.9 

32.0 

205.7 

23 

30 

32.4 

14.1 

15.5 

18.8 

33.8 

18.6 

18.6 

8.7 

19.5 

25.2 

205.2 


B 

33.3 


16.2 


31.5 

15.8 

20.6 

9.9 

18.3 

32.6 

209.5 


23.9 

14.0 

14.1 

15.8 

28.9 

12.8 

18.9 

9.8 

14.2 

26.7 

179.1 



6.0 

0.8 

1.7 

2.1 

3.2 

3.2 

3.9 

1.1 

4.3 

3.6 

21.1 
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Table H — Concluded 


Recapitulation for all subjects 



23.4 



BB 

29.5 

13.8 

20.2 

10.8 

14.8 

28.3 

192.8 


6.2 

IB 


Bi 

4.2 

3.2 

4.5 

2.1 

3.7 

3.4 

24.8 


The preparation of the plasma and of the tungstic acid filtrates was 
carried out as previously described (1). The basal media and organisms 
for the assay of arginine, histidine, isoleucine, leucine, l5^e, phen3-lalanine, 
threonine, tyrosine, and valine were the same as described bj- Hier ei al. (3). 
Only 1.0 cc. of basal medium was added to each tube. After the addition 
of standard and unknown solutions the final volume was adjusted to 2.0 cc. 
In other details the procedure previous^' described (1, 3) was followed. 
Trj'ptophane values were obtained by use of the procedure of Dunn et al. (2). 

Recovery and Rcproditcibilily Experimenls — ^The quantitative nature of 
the procedures applied to the determination of leucine, isoleucine, valine, 
and threonine in plasma has previouslj' been shoum (1) bv' means of re- 
covery and reproducibUit}' experiments. Similar tests were applied to the 
determination of arginine, histidine, lysine, phenylalanine, and tjTOsine. 
The amino acids to be recovered were added in solution to the plasma pre- 
vious to precipitation nith sodium tungstate and the amount of water 
added was reduced accordinglj' to maintain a 1 :3 ratio between the plasma 
and filtrate. Table I shows that recoveries were satisfactory for all of the 
amino acids studied. 

Duplicate assays made on the same timgstic acid filtrate samples in- 
dicated that V'alues were reproducible to within dblO per cent of the mean. 

Amino Add Content of Human Plasma — ^The results of assav's for ten 
free amino acids in plasma from twent>’-four normal males and nine normal 
females are shown in Table II. It may be seen by obsenntion and demon- 
strated statisticallj' that there is no significant difference between the mean 
values for males and females. Our value of 11.1 y per cc. for tryptophane 
in male subjects agrees e.xtremel^' well with the value of 1.14 mg. per cent 
(11.4 7 per cc.) reported bv’ Drum el al. (2). 

Amino Add Content of Dog Plasma — ^The free arginine, histidine, h'sine, 
phenylalanine, trj'ptophane, and tyrosine contents of plasma from mongrel 
dogs are shown in Table III. Leucine, isoleucine, valine, and threonine 
values have previouslj' been reported (1). 

DISCUSSION' 

The average amounts of arginine, histidine, Ij'sine, phenj'lalanine, ty- 
rosine, and tryptophane found in dog plasma (Table III) are substantiallv- 
the same as the av'erage values for human subjects (Table II). The V'alues 
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for leucine, isoleucine, valine, and threonine in dog plasma previously re- 
ported (1) (20.9, 13.1, 22.2, and 25.8 -y per cc. respectively) are also quite 
close to the values reported in this paper for human subjects (Table II). 

In an effort to determine whether the individual free amino acids vary 
with the total amount of free amino acids, each amino acid was calculated 
in terms of per cent of the total amount of the ten amino acids determined 
in plasma. These values are shown in Table IV. The size of the standard 
deviations in relation to the mean indicates that, while the range of values 
is fairly characteristic for each amino acid, the level of any one amino acid 
may vary within the normal range from subject to subject independently 
of the total amount of amino acids. Isoleucine, histidine, and phenylala- 


Table hi 

Free Amino Acid Content of Plasma from Fasted Normal Dogs 


Reported as micrograma of amino acid per cc, of plasma. 


Dog No. 

1 

j Arginine | 

Histidine , 

Lysine 

Phenylala- 

nine 

Tiyptopiane 

Tyrosine 

1 

25.8 


15.8 

9.0 


7,6 

2 

23.1 


29.0 

7.5 



3 


13.2 

24.0 

11.9 


7.2 

4 

37.5 

11.1 

31.6 

14.3 


13.8 

5 


10.5 

19.5 

12.3 


10.2 

6 

27.0 

9.3 

24.0 

10.0 

9.1 

4.5 

7 

28.8 

11.7 

15.0 

18.0 

7.5 

8.7 

8 

48.0 

12.9 

35.0 

15.2 

9.6 

19.8 

9 

27.0 

11.4 

17.6 

12.5 

13.2 

15.3 

IB 

37.2 

13.5 

26.6 

12.5 

12.9 

11.1 

n 

36.0 

15.9 

24.2 

7.0 

10.2 

7.8 

12 

1 36.9 

14.4 

28.0 

8.6 

10.2 

10.2 

Mean 

32.7 

mm 

24.2 

11.6 

10.4 


S.D 1 

7.4 


5.8 

2.9 

1.7 

2.4 


nine may be exceptions to this, since they appear to be more closely related 
to the total. 

In Table V a comparison is made between the mean values for the per 
cent that each amino acid makes up of the total amount of the ten amino 
acids determined in plasma (from Table IV), mth similar figures calculated 
from the amounts of the ten amino acids present in various animal proteins. 
With the exception of tryptophane,* the original values for beef muscle 

* The tryptophane values are calculated from unpublished data, kindly supplied by 
Dr. C. E. Graham of The Wilson Laboratories, determined by a modification of the 
Bates method (Bates, R. W., Proc. Am. Soc. Biol. Chem., J . Biol. Chcm., 119, p. vii 
(1937)). 
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protein, bovine plasma protein, bovine serum albumin, bovine fibrin, and 
casein were reported by Hier ct al. (3). The data for porcine liver protein 
and bovine hemoglobin were obtained by similar methods but are un- 
published. 


T.ible IV 


Concentration of Each Free Amino Acid Expressed as Per Cent of Total Ten Amino 

Acids Determined 




Hisli- 

Isoleu- 

cuse 

Leucine 

Lsiine 

Phenyl- 

aUnise 

TTirec- 

nise 

Trypto- 

phane 

Tyro- 

sine 

Valise 

2 

10.5 

7.2 

8.5 

9.8 

15.1 

6.1 

16.8 

5.5 

6.4 

14.2 

4 

11.0 

6.6 

9.1 

11.6 

16.2 

6.4 

11.3 

5.2 

7.0 

15.8 

6 

14.7 

5.8 

8.2 

9.0 

17.8 

7.2 

10.9 

6.3 

7.4 

13.2 

8 

9.1 

7.4 

8.6 

12.2 

14.5 

7.5 

8.3 

6.0 

8.6 

17.6 

9 

12.8 

8.4 

7.0 

8.6 

16.5 

7.3 

9.3 

7.2 

7.2 

14.9 

10 

9.2 

8.0 

10.2 

13.6 

14.8 

6.3 

7.9 

5.5 

7.0 

16.7 

13 

12.9 

7.5 

7.2 

9.8 

15.8 

8.3 

10.8 

7.6 

5.1 

15.0 

14 

12.5 

8.0 

7.8 

8.1 

14.4 

7.0 

12.2 

6.3 

9.9 

14.1 

15 

10.2 

8.5 

9.3 

11.6 

17.9 

7.4 

8.1 

6.5 

6.2 

14.7 

16 

15.8 

7.8 

6.7 

9.1 

17.0 

6.8 

9.3 

6.4 

7.4 

14.0 

17 

13.9 

8.8 

7.5 

9.2 

15.6 

6.4 

11.3 

5.4 

6.3 

15.4 

18 

12.8 

8.0 

7.7 

9.2 

15.5 

5.7 

14.6 

5,9 

4.8 

15.6 

19 

8.9 

9.3 

8.9 

11.3 

18.3 

6.6 

7.4 

7.2 

6.0 

15.4 

20 

14.1 


8.8 

7.9 

16.2 

6.6 

9.8 

4.9 

8.3 

15.8 

22 

11.8 


8.3 

8.8 

17.1 

7.6 

11.3 

4.1 

9.2 

15.6 

23 

15.3 


7,5 

9.2 

16.5 

9.1 

9.1 

4.2 

9.5 

12.3 

24 

13.9 


8.5 

8.3 

14.7 

8.7 

9.9 

4.8 

10.7 

13.2 

25 

11.3 

8.6 

9.5 

11.3 

14.7 

8.3 

9.8 

5.3 


13.4 

26 

10.7 

EW 

9.0 

10.8 

14.3 


12.7 

5.3 


14.0 

27 

10.5 

RI9 

10.5 

lO.S 

14.8 


11.1 

5.6 


13.5 

28 

14.8 


9.3 

8.3 

15.3 


II. 2 

4.4 

8.3 

15.5 

29 

15.2 

Hifl 

8.9 

8.1 

12.9 

8.6 

9.6 

6.7 

9.8 

13.2 

30 

15.9 

7.3 

7.8 

777 

15.0 


10.0 

4.7 

8.7 

15.6 

31 

11.1 

7.9 

6.3 




11.8 

3.5 

8.2 

14.8 

32 

11.5 

7.5 

7.7 

9.2 

16.9 

7.0 

11.8 

4.2 

8.4 

15.8 

33 

12.6 

7.5 

7.6 

9.5 

14.8 

8.6 

10.6 

6.1 

8.0 

15.2 

31 

12.5 

7.4 



17.8 

7.9 

6.9 

6.5 



Mean. 

12.4 

7.6 

S.3 

9.9 

15.8 

7.4 

10.5 

5.6 


14.7 

S.D.. 

2.13 


0.58 

1 1.68 

2.43 

0.66 

2.14 

1.15 


Bi 


It may be seen from Table V that there is rather good agreement between 
the pattern of amino acids in beef muscle protein and that of free amino 
acids in plasma. The only large differences occur in the case of trjTptophane 
and leucine. The pattern in plasma proteins is also similar, while that of 
liv'er protein, serum albumin, fibrin, hemoglobin, and casein shows con- 
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siderable variance. This may indicate a relationship between the free 
amino acids of the plasma and the protein of plasma and muscle. A pos- 
sible relationship to particular protein fractions of other tissues is, of course, 
not excluded. 

Although we do not present data for human proteins, we believe it rea- 
sonable to compare the pattern of free amino acids in human plasma irith 
the amino acid pattern of boidne and porcine proteins and to assume that 
the same relationships hold true for human proteins. Beach cl al. (4) have 
shown that mammalian muscle tissues of various species are very similar in 
amino acid composition, while Block and Bolling (5) report amino acid 

Table V 

Comparison of Pallern of Free Amino Acids in Plasma with Pattern of Amino Acids in 

Various Animal Proteins 


Each amino acid is calculated as the per cent of the total of the ten amino acids 
determined. 


Amino acid 

Free 
amino 
acids in 
human 
plasma 

Bovine 

muscle 

protein 

Bovine 

plasma 

protein 

Porcine 

h\er 

protein 

Bovine 

serum 

albumin 

Bovine 

fibrin 

Bovine 

hemo- 

globin 

Casein 

Arginine 

12.4 

11.4 

9.6 

13.4 

9.1 

RQ 

6.8 

6.7 

Histidine . 

7.6 

6.7 

4.7 

4.1 

6.1 


9.5 

4.9 

Isoleucine . 

S.3 

10.2 

6.1 

12.4 

4.9 

BkI 

1.9 

11.2 

Leucine . . 

9.9 

14.6 

15.8 

19.2 

16.8 

12.2 

24.6 

17.7 

Lysine 

15. S 

15.0 


11.4 

18.3 

15.0 

17.3 

14.2 

Phenylalanine . . 

7.4 

7.5 

8.5 

7.4 

9.5 

7.8 

11.8 

7.9 

Threonine 

10.5 

10.3 

11.8 

11.2 

9.4 

11.3 

8.1 

7.7 

Tryptophane 

5.6 

2.1 

3.5 

1.8 

1.6 

6.4 

2.5 

2.2 

Tyrosine 

7.S 

7.8 

8 2 

6.9 

7 7 

10.6 

4.1 

12.2 

Valine 

14 7 

14.7 

13 0 

11. s 

16 8 

9.7 

13.7 

13.3 


values indicating the close similarity between human and beef serum 
proteins. 


SUMMARY 

Microbiological procedures for the determination of free amino acids in 
plasma are described and evidence for the reproducibility and validity of 
the values is presented. Values are reported for the amounts of arginine 
(23.4 db 6.2 y per cc.), histidine (14.2 ± 1.8 y per cc.), isoleucine (16.0 ± 
3.1 y per cc.), leucine (19.1 ± 3.4 y per cc.), lysine (29.5 zt 4.2 y per cc.), 
phenylalanine (13.8 ± 3.2 y per cc.), threonine (20.2 ± 4.5 y per cc.), 
tryptophane (10.8 ± 2.1 y per cc.), tyrosine (14.8 ± 3.7 y per cc.), and 
valine (28.3 ± 3.4 y per cc.) present in the free state in normal human 
plasma. No significant differences between values for males and females 













S. V,'. HIER AKD O. BERGEUI 


135 


were found. The amounts of free ar^nine, histidine, lysine, phenylalanine, 
tryptophane, and tjTosine in dog plasma are also reported. 

BIBLIOGRAPHT 

1. Hier, S.W., and Bergeim, O.,/. Biol. ISl, 717 (1945). 

2. Dunn, M. S., Schott, H. F., Frankl, W., and Rockland, L. B., J. Biol. Chem., 157, 

387 (1945). 

3. Hier, S. W., Graham, C. E., Freides, R., and Klein, D., J. Biol. Chem., 161, 705 

(1945). 

4. Beach, E. F.,Munks, B., and Robinson, A., J. Biol. Chem., 148, 431 (1943). 

5. Block, R. J., and Bolling, D., The amino acid composition of proteins and foods, 

Springfield (1945). 




Z-HYDROXY ACID OXIDASE 


Bt M. BLANCHARD, D. E. GREEN,* V. NOCrTO-CARROLL, and 
S. RATNER 

(From DeparlmenU of Medicine and BiochemUlry, College of Physicians and Surgeons, 
Columbia University, Nem York) 

(Received for publication, January 10, 1946) 

« 

In previous communications (1-4) the properties and isolation of the 
Z-amino acid oxidase of rat kidney were described. Quite accidentally, it 
was found that solutions of the enzyme were able to catalyze the oxidation 
of Z-hydroxy acids, and further study disclosed that this ability ran parallel 
with Z-amino acid oxidase activity from the first crude extract to the final 
electrophoretically homogeneous preparation of the enzyme. The experi- 
ments which are reported below support the rdew that the same enzjTne 
exercises these two catalytic functions and that the same prosthetic group 
and active groups are involved in both cases. In a sense, the enzyme is 
incapable of distinguishing between an amino acid and a hydroxj’^ acid of the 
Z series. 

There are present in practically all animal tissues enzjnnes such as the 
lactic and malic dehydrogenases which specifically oxidize certain Z-hydroxy 
acids. These enzymes can be distinguished from the Z-hydroxy acid 
oxidase in two respects ; they are specific for only one hydroxj' acid and they 
specifically require diphosphopyridine nucleotide as oxidizing agent (5). 
By contrast, the enzyme isolated from rat kidney oxidizes a large variety of 
a-hydroxy acids, does not require or react with diphosphopyridine nucleo- 
tide, and contains flavin monophosphate as prosthetic group. It is clear 
that the enzyme is distinct from other hydroxy acid oxidizing systems. 
Thus far hydroxy acid oxidase activity has been found only in conjunction 
with amino acid oxidase activity. The structural analogy between the 
a-amino and a-hydro.xy acids makes it appear veiy probable that the 
mechanism of oxidation, involving the amino or hydroxyl h 3 'drogen as well 
as the hj'drogen attached to the a-carbon atom, is the same in both classes 
of substrates. This is borne out by the fact that a-hj'droxyisobutyric acid, 
which has no hydrogen on the a-c&rbon atom, is not oxidized. 

It was of interest to determine whether the d-amino acid oxidase of 
animal tissues was also active towards the tZ isomers of the a-hj'droxj' acids. 
Using the enz 3 me from pig kidnej', we have tested dZ-lactate and cZZ- 
h 5 'droxy caproate, with negative results. Apparently the abilitj' to 
oxidize hydroxy acids is not a general propertj' of amino acid oxidases. 

* This investigation was supported by funds from the Rockefeller Foundation, 
the John and Maiy R. Markle Foundation, and the tVilliams-Waterman Fund of the 
Research Corporation. 
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It has not yet been possible to demonstrate the reversibility of the a- 
hydroxy or a-amino acid functions of the 1-amino acid oxidase. If the 
action of the Z-amino acid oxidase were reversible, it would be possible to 
account for the transformation in vivo of certain natural amino acids into 
hydroxy acids, as reported in the older literature (6). This transformation 
could be explained simply in terms of the oxidation of amino acids to keto 
acids and the reduction of these keto acids to their corresponding hydro.xy 



Fic. ] . The rate of oxidation of lactate as a function of time. The following addi- 
tions were made in the manometer vessels; 0.5 cc. of enzyme solution, 0.2 cc. of 50 
per cent dMactate, 0.5 cc. of catalase solution, 1.0 cc. of 0.5 m phosphate buffer of pH 
8.0, final volume 3.0 cc. at 38°; air in gas space; alkali in center well. 

acidi. The observation of Neubauer that the feeding of phenylglyoxylic 
acid leads to the excretion of the natural isomer of phenylglycolic acid (6) 
may also be accounted for on the same basis. 

Preparation and Testing of the Enzyme — The details of the preparation are 
identical with those previously reported for the Z-amino acid o.xidase. The 
action of the enzyme can be followed aerobically in Warburg manometers or 
anaerobically in Thunberg tubes. The e.xperimental conditions for those 
measurements can be found in previous communications (2, 4). 
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Kinetics — In presence of lactate and catalase the enzjTne takes up oxygen 
linearly for about 30 minutes and then the rate graduall 3 " falls off (cf. Fig. 
1). The greater the initial rate of the reaction, the more rapidly does the 
decline in rate set in. 

The velocitj" of oxidation is greath- influenced bj" the hydrogen ion 
concentration (cf. Fig. 2). The maximum pH is about 8.0, whereas above 
pH 10 and below pH 6 the rate of oxidation approaches zero. The enzyme 
works at maximum speed when the substrate concentration is about 0.04 Ji 
and at half ma.ximum speed when the concentration is about 0.004 m 
( c/.Fig.3). 



Fig. 2. The rate of oxidation of lactate as a function of the pH. The following 
additions were made in all manometer vessels: 0.5 cc. of enzyme solution, 0.5 cc. of 5 
per cent <f/-lactate, 0.5 cc. of catalase, and 0.5 xi buffer to raalce a final volume of 3.0 
cc. .\I1 solutions were adjusted to the pH of the buffer. The pH of the enzjme mix- 
ture was measured at the end of the manometric run. 

Specificity — ^The enzjme apparentlj" acts onlj' on the I antipodes of 
a-hydro-xy acids. While it has not been shown directlj' that rf-hj'dro.xj- 
acids are not o.xidized, this conclusion follows from the fact that f-lactic 
acid is completelj' o.xidized, whereas dZ-lactic acid is oxidized onlj- to the 
e.\-tent of 50 per cent (<f. Table I). a-Hj'droxj-isobutyiic acid was the onlj- 
one of fourteen hj’dro.xj" acids tested which was not oxidized at a measure- 
able rate bj- the enzjme (qf. Table II). The presence of a second carboxyl 
group renders the substrate inactive in the amino acid series and slowlj- 
oxidizable in the hj-droxj' acid series. Thus aspartic acid is inactive as 
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substrate and malic acid is very slowly oxidized. The fact that glycolic 
acid is oxidized, albeit slowly, signifies that the enzyme can oxidize an opti- 
^cally inactive substance and is capable of distinguishing sharply between 
twOjOptical isomers. 

In general the specificities of the Z-amino acid oxidase are similar to 
those of the Z-hydroxy acid oxidase. For example, mth amino acids as 
substrates there is a very pronounced relation between the length of the 
carbon chain and the rate of oxidation. Thus, in the straight chain series. 



Fig. 3. The rate of o.vidation of lactate as a function of the concentration of lac- 
tate. Zinc i(-l-) -lactate was used as the source of lactic acid. Conditions as given 
in the legend for Fig. 2. 

the amino acid tvith 5 carbon atoms is most rapidly oxidized, the next 
lower homologue is slowly oxidized, whereas those with 3 and 2 carbon 
atoms respectively are oxidized very slightly or not at all. With hydroxy 
acids as substrates, the homologues with 4 and 5 carbon atoms are only 
slightly more rapidly oxidized than lactate with 3 carbon atoms, which in 
turn is oxidized some 6.5 times more rapidly than glycolic acid with 2 
carbon atoms. Arginine and serine are not oxidized by the Z-amino acid 
o.xidase, whereas histidine is slowly oxidized. The hydroxy acids corre- 
sponding to arginine, serine, and histidine are all slowly oxidized. 
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Products of Reaction — In presence of catalase and the enzj-me 1 atom of 
oxygen is taken up for each mole of hydroxy acid oxidized and 1 mole of 
keto acid is formed, as shonm in Table II. Tjuiivate was identified as the 
product of the oxidation of lactate in the form of its 2,4-dinitrophenyl- 
hydrazone which was obtained in 79 per cent jdeld, m.p. (with decomposi- 
tion) 214°, mixed m.p. 214°. 

AnaZysts— C,H,O.N,. Calculated. C 40.3, H 2.9S, X 20.9 
Found. “ 40.5, “ 3.16, “ 20.8 

Column 2 of Table II shows the observed uncorrected values for the 
individual keto acids as estimated b 3 ' iodine titration of the bisidfite-bind- 
ing power. These values are somewhat low when compared directlj' with 
the corresponding values for oxj'gen uptake. There is no doubt, however. 


Table I 

Optical Specificity of Enzyme 


Substrate 

Ox>gen uptake 

Observed 

Th»r>' for 
oxidation of 1 ' 

iscmer 

Ib-ory for 
oxidation o! both 
zscrsers 


€ mm 

c nm 

e mn 

Zinc Z(-h)-Iactate 

100 

99 



197 

194 


dZ-Lactate* . 

no 

95 

190 


221 

190 

380 

rff-Lactatef . 

73 

99 

1 198 


• A commercial sample obtained by a fermentation process and presumed to be 
racemic, 

t Prepared by hydrolysis of dZ-a-broraopropionic acid. The manometric experi- 
ments were carried out in air at 38° and at pH S 0, and in the presence of catalase. 

that 1 mole of keto acid is formed for each mole of oxj’’gen utilized; for it has 
been shown that less than one equivalent of bisulfite is bound bx- most keto 
acids other than pj-ruxac. The method maj' be emploj'ed satisfactorily 
nex’ertheless if a prexdousl}' determined correction factor is applied (2). 
Column 3 of Table II gix’es some such corrected x-alues, and these are in 
good agreement xxdth the amount of oxj'gen utilized. 

In absence of catalase 2 atoms of oxx-gen should be taken up per mole of 
lactate oxidized and 1 mole of hj’drogen peroxide should be formed. Vari- 
able amounts of peroxide are decomposed bj' non-enzxTnic means — a factor 
which makes it impossible to obtain stoichiometric results. E-xperiments 
in xx'hich hj-drogen peroxide is allowed to accumulate are also unsatisfactory 
because the enzjTne undergoes rapid destruction under these conditions. 
In the presence of alcohol and catalase the rate of oxj'gen uptake is doubled. 








Table II 

Relation between Oxygen Uptake and AmoimC of Keto Acid Produced 


Substrate 

Oxygicii uptake , 

(1) 

Amount of 
keto ncid formed 
uncorrccled 

(2) 

Amount of 
koto acid formed 
corrected 

0) 

c?^-a-Hydroxy isovaleratc* 

microatoms 

38.1 

micromoles 

20.5 

micromoks 

dZ-a-Hydro.xj'- butj'rate* 

Z-fv-HyHroxy isnr.n.pron.tof 

31.4 

29.8 

29.4 

25.8 

29.6 

cf/-a-Hydroxy caproatc* 

28.7 

25.5 

28.0 

d/-Phenjd glycolatcj 

i 24.1 

12.5 

d^-Lactate’^ 

23.4 

22.5 

23.0 

dZ-Phen}"! lactatcf 

17. S 

15.2 

17.1 

i 

d/-a-Hydroxy-7-methiobutyratet 

17.4 

17.3 

/-Imidazolelactatef 

8. 8 


d/-Gl y c e rate § 

8.3 



dZ-Malatef 

6.7 



GlycolateJ 

5.2 

2.7 


dZ-a-Hydroxy*6-guanidovaleratet 

1.5 

0.4 


a-Hydroxy isobutj'ratej! 

0 

0 





The conditions for the manomefric experiments were as follows: 1 cc. of enzyme 
solution, 0.5 cc. of catalase solution prepared as described previously (3), 1 cc. of 0.5 
M phosphate buffer of pH 8.0, and 0.5 cc. of 0.1 m solution of substrate adjusted to 
pH 8.0; alkali in center well; 38°; air in gas space; time 100 minutes. The keto acids 
were estimated as described before (2). 

* Prepared from the corresponding or-bromo acid, according to Fischer and Zem- 
plen (7). 

t Prepared from the corresponding amino acid by treatment with silver nitrate, 
as described by Sohoenheimer et al. (8). 

t.Commcrcial samples purchased from the Eastman Kodak Company. 

§ Prep.ared from slycor'ic aldeli 3 ’de by oxidation with mercuric oxide, according 
to Wohl and Schellenberg (9). 


Table III 

Association of Amino Acid Oxidase with Hydroxy Acid Oxidase Activity 


Stage of purifleation 

Kate of oxidation of lactic acid 

Rate of oxidation of leucine 

1st sodium sulfate ppt 

2.8 

After exposure to 60° for 5 min 

2.7 

2nd sodium sulfate ppt 

2.6 

Ultracontrifuge fractionation of cataphoreticallj' 


homogeneous enzyme 


Light fraction 

2.0 

Middle “ 

2.2 

Heavy “ 

2.2 


The two activities were measured at pH 8.7, 38 °, in air and in the presence of added 
catalase. The final concentration of substrate was 0.01 m for both Mactate and 
/-leucine. For further details of the method of isolation of /-amino acid oxidase see 
Blanchard ct al. (4). 
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This constitutes the most reliable proof that peroxide is formed during the 
enzymic oxidation of lactate and other hydroxv acids by molecular oxygen 
( 10 ). 

Idenlily of l-Amino Acid Oxidase and l-Hydroxy Acid Oxidase — If the two 
enzymes are identical, it would be expected that the ratio of the two activ- 
ities would be a constant throughout the purification procedure, within the 
limits of experimental variation. That such is indeed the case is shown in 
Table III. The electrophoreticaUy homogeneous enzyme consists of two 
forms of molecular weight of 138,000 and 550,000 respectively. These 
forms were separated in the ultracentrifuge and examined for the ratio of 
the two catalytic activities. Ko significant difference in the ratio was 
found. 

The Z-amino acid o.xidase is a flavoprotein which undergoes a cjxle of 
reduction by Z-amino acids and oxidation by molecular oxygen. If the two 
activities are shared b 3 ' the same enzyme, then the same fla\’in prosthetic 
group which is reducible bj' Z-amino acid should also be reducible bj' 1- 
hj’droxy acids. Spectrophotometric examination has confirmed this pre- 
diction. Furthermore, the rate of reduction of the fla-vin group b 3 '- hydrox 3 ' 
acids is more rapid than in the presence of the corresponding amino acids 
in accordance with the fact that the enz 3 Tne acts more rapidl 3 ' on hydroxs”- 
than on amino acids. 

The third line of evidence for identity is the fact that the two activities 
do not .suramate but in fact partially interfere mth one another. This 
behavior is consistent with the mew that the two actimties are associated 
with the same enz 3 Tne and mth the same active groups of the enz 3 ’me. 

The Z-amino acid oxidase activit 3 ’’ is inhibited b 3 ' ammonium ions in low 
concentration, whereas the Z-hydro.xy acid oxicjase function is virtuall 3 ' 
unaffected by ammonium ions. This would suggest that the enm-me has 
an affinity for ammonium ions at least equal to that for amino acids but 
much less than that for Z-h 3 'dro.\y acids. 

SUMMART 

The properties of the Z-h 3 *droxy acid o.xidase of rat kidne 3 ' are described 
and evidence is presented for its identification with the Z-amino acid oxidase. 
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THE ACTION OF TYROSINASE ON PROTEINS 

Bt IRWIN W. SIZER* 

{From the Department of Biology, Massachusetts Institute of Technology, Cambridge) 
(Received for publication, January 15, 1946) 

Tyrosinase catalyzes the oxidation by ox 3 -gen of a large variety of mono- 
and polyphenols (1, 2) as weU as man 3 ' phenolic derivatives such as adren- 
alin, certain sex hormones, tjTosine, and the poison ivy’ irritants (3, 4). 
Monophenols are oxidized to diphenols; these are in turn converted to unsta- 
ble quinone derivatives which polj’merize to highly colored compounds of 
imknown structure. A typical example is the aerobic oxidation of tyrosine 
bj' tyrosinase to 3,4-dIhj'drox-j'phenylalanine (dopa), which is converted by 
waj’ of unstable intermediaries to the pigment melanin (5, 6). This 
oxidation of tjTosine is believed to be involved in the production of pig- 
mentation in manj’ different organisms. 

As far as the author is aware the only enzymes which are known to 
attack simple intact proteins in vitro are proteolj’tic ones, although chemical 
reagents can readily bring about modifications in such constituents of 
native proteins as amino, carboxyl, and phenolic groups. The situation 
in vivo appears to be quite different, however, for tracer studies by Schoen- 
heimer (7) and others have clearly shown that proteins in the bodj’ are 
quite labile and that substitutions of a min o acids appear to occur and that 
reactions take place which involve active available groups on the protein 
molecule. A consideration of the discrepancy beriveen the reactivity in 
vivo and in vitro of proteins to non-proteolji;ic enzymes led to this studj’ of 
the action of tjTosinase on proteins. In ■v’iew of the low specificity of 
tyrosinase it was felt that if the tyrosine residue were available at the sur- 
face of the protein molecule its phenolic hydroxj’l group might be subject to 
attack by mushroom tjTOsinase. 

Methods and Results 

Manometric Experiments — The Bancroft differential manometer was used, 
at 37° ± 0.02° and at a shaking rate of about 120 oscillations per minute, 
,to study any effect of tyrosinase in bringing about an oxygen consiunption 
bj’ the protein solutions. The reaction flasks had a volume of 15 ml. and 
possessed a single side arm in which the enzj-me was placed. The ex- 
perimental flask contained 25 mg. of protein, 4.5 ml. of m/15 phosphate 
buffer, pH 7.3, 2 drops of toluene (or O.OOl per cent merthiolate), and 
0.5 ml. of tyrosinase solution in the side arm. The control flask contained 

* With the technical assistance of Miss Janette Robinson. 
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exactly the same components as the experimental, except that boiled 
enzyme was placed in the side arm. In some experiments, however, 
distilled water was used in the control instead of the inactivated tyrosinase. 
After 5 minutes adaptation to temperature, the reactions were initiated by 
tipping the enzyme into the protein solution. In most experiments 
Upjohn mushroom tyrosinase was used, which contained 1100 Adams and 
Nelson catechol-hydroquinone units, 150 cresolase units, and 2750 chrono- 
metric catecholase units per ml. A few e.xperiments ndth very similar 
results were also performed with Nelson’s highly purified mushroom 



Fig. 1 . 0.\ygen consumption of proteins in the presence of tyrosinase. The solu- 
tion contained 25 mg. of protein, 4.5 ml. of .m/15 phosphate buffer, pH 7.3, and 0.5 ml- 
of Upjohn tyrosinase, plus 2 drops of toluene. The tyrosine solution contained only 
2.5 mg. of tyrosine, 4.95 ml. of buffer, and 0.05 ml. of tyrosinase. 


tyrosinase,^ which contained 4200 Miller and Dawson catecholase units 
and 70 Adams and Nelson p-cresolase units per ml. (1). 

Results of typical experiments are presented in Fig. 1, from which it 
appears that the action of tyrosinase in the oxidation of certain proteins is’ 
clearly demonstrated by the oxygen consumption of protein solutions in- 
duced bj’’ the addition of tyrosinase. The reaction follows a smooth cur- 
vilinear course characteristic of the particular protein substrate employed, 
but the rate is much less than for the action of 0.05 ml. of tyrosinase on 
2.5 mg. of Z-tyrosine. Results for all the proteins studied are summarized 

> Kindly furnished by Dr. J. F. Nelson of Columbia University. 



Tabi.e I 

Aciion ef Tt,rosinasc on Proteins tritk Reference to Oxygen Consumplion, Pigment 
Prodnetion, end PcQction to ^tillon^s Hengent 


Sobstrale 

H 


i'alsw’ste.f 

f-Tyrosinet 

iticrolittrs 0: 
ter hr, 

250 

JL 


Triyisint 

163 

*4" 


Pepsint 

90 

-r 


Chymotrypsint 

43 

4- 


Peptone (Difeo) 

5S 

"T" 


CaseinS 

11 



Zinc insulin (Merck) 

0 

+ 

"" 

Hemoglobin (Difeo) 

2 

4- 

j 

Gelatin (Difeo) 

0 



Protamine (Lillv) 

0 



Tobacco mosaic virusjl 

0 


Kot measured 

Egg albumin (Merck) 

° ! 



Serum albumin, human •' | 

0 ' 


4” 

** ** -4- 1 mg. irvpsin 

6 



“ “ bovine** 

0 

- 

Not measured 

“ “ '"-hi rog. trypsin 

0.5 

4* 

— 

“ 7-glofaulin, human^ 

0 

— 


“ “ “-pi mg. trypsin 

1 

4" 

— * 

" /3-gIobuIin, bovine** 

0 

— 

Not measured 

“ “ “-hi mg. trypsin 

2 

4" 


Fibrinogen, bovine** 

0.1 


Not measured 

“ “-hi mg. trypsin 

13 

+ 


Gramicidin! 1 

0 

— 

— 

“ -hi rog. trypsin 

0 




* If the production of a pink solution or precipitate by the protein treated with 
active t3-rosina«e is less than the color of the protein treated with inactive tyrosinase, 
the reaction is called negative; if the same, it is called positive. 

t Digest contained onlj' 2.5 mg. of tyrosine and 0.05 ml. of tyrosinase. 

X Obtained in crystalline form from the Plant Research Xaboratory. Each 
enzyme preparation contains about 40 per cent MgSOj. 

S Prepared according to Koch (8). 

1! A saturated solution was used. It was kindly furnished by Dr. I. Fankuchen, 
the Polytechnic Institute of Brooklj-n. 

*" The products of plasma fractionation employed in this work were developed 
by the Department of Phj'sical Chemistry, Harvard Medical School, Boston, Massa- 
chusetts, under a contract recommended bj- the Committee on Medical Research, 
between the Office of ScientiSc Research and Development and Harvard Eniversity . 
Both the albumin and the -r-globulin ate about 98 per cent pure. 

*• Kindlj' furnished by the Armour Laboratories. These proteins were prepared 
underacontract recommended by the Committee on Medical Research, between the 
Office of Scientific Research and Development and Armour and Company. The al- 
bumin is 100 per cent pure; the p-globuUn is 9S per cent pure (contains 2 per cent al- 
bumin); the fibrinogen is 77 per cent pure {contains 18 per cent ^obulin plus 5 per 
cent albumin) and is mixed with 40 per cent sodium citrate. 

SI Kindly furnished by Dr. R. Duboa, The RockefeBer Institute tor ‘Medical Re- 
search. 

W7 






148 


TYROSINASE AND PROTEINS 


in Table I. As would be expected, the substrates which contain no ty- 
rosine, such as gelatin, protamine, and gramicidin, show no evidence of 
oxidation by tyrosinase. 

It is also apparent from Table I that, although many proteins are ox- 
idized, there remain a large number which contain appreciable amounts of 
tyrosine, but nevertheless are not oxidized under the influence of tyrosbase. 
In these proteins it is possible that the tyrosine residues are not accessible 
at the surface of the protein molecule, or the phenolic groups may be so 
combined as to be unavailable for attack by tyTOsinase. With these pos- 
sibilities in mind it seemed likely that tyrosinase action on these resistant 
proteins could be demonstrated if the protein molecule were partially 



Fig. 2. O.xygen consumption catalyzed by tyrosinase of trypsin-treated proteins. 
The solution contained 25ing. of protein, 4.5 ml. of buffer, 1 mg. of cryastlline trypsin, 
0.5 ml. of Upjohn tyrosinase, plus 2 drops of toluene. 

digested with trypshi before or concurrently with the addition of tyrosbase. 
That this is possible is shown for several different protebs in Fig. 2, from 
which it appears that the addition of 1 mg. of crystallbe trypsb to the 
digest rendered the proteb oxidizable by tyrosinase. Results of this 
study are summarized in Table I, which also shows that a substrate such as 
gramicidin which contains no tyrosine is not rendered oxidizable by ty- 
rosinase after preliminary digestion with trypsb. 

Effect of Txjrosinase on Biological Activitij of Typical Proteins — Sbce 
tyrosinase most readily oxidizes pepsin, trypsb, and chymotrypsb (see 
Fig. 1), a stud5' was made of the effect of tyrosinase on the enzymatic 
activity of each of these crystalline enzymes. The technique employed b 
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studjTDg the proteoh'tic activities of these enzj-mes.was the same as that 
described previously (9). It involved the suspension in the proteolytic 
enzjTne solution at 37° of a filament of reprecipitated purified collagen to 
which was attached a 2 gm. paraffin-coated lead weight. The time re- 
quired for the filament to break and the weight to fall was measured with an 
automatic timing device (10). In the first series of tests the enzyme 
solutions were studied for proteolj-tic actmty at the completion of the 
manometer e.vperiments in which oxidation of the protein catalyzed bj- 
tyrosinase was measured. No change in pH of these solutions was neces- 
sarj' in order to study the activitj' of trypsin and chymotrypsin, but the 
measurement of peptic activity required the change in pH from 7.3 (neces- 
saiy for tyrosinase action) to pH 2.0 b 3 ' the addition of a few drops of 1 n 
HC l to the pepsin solution containing boiled or native tjTosinase. In the 
second series of experiments the procedure was the same except that, in- 


Table II 

Action of Tyrosinase on Activity of Certain Enzymes As Measured by Time JUquired to 
Digest Collagen Filament 


Protease 

Tyrosinase 

Bi^esUon time 

A 

Chj-motrypsin 

Boiled 

Jb-j. 

2.16 


Native 

2.10 

Trypsin 

Boiled 

1.32 


Native 

1.54 

Pepsin 

Boiled 

38 Approximately 

" 

Nath-e 

38 “ 

1 


stead of the manometric technique, the solutions were incubated with na- 
tive or boiled tyrosinase for 18 hours at 37° before the proteolytic actmty 
was measured. As would be expected, results were very similar bj' both 
methods. Typical results are presented in Table II, from which it is 
apparent that tyrosinase has no effect upon the activity of pepsin, tiypsin, 
or chjmotiypsin despite the fact that it catatyzes the oxidation of tjTosine 
in all three enzjmes. These results are surprising in view of the fact that 
chemical reagents which combine with or o.xidize the tyrosine residues of 
pepsin (11) and chjmotiypsin (9) produce inactivation of these proteases. 
It seems likely that the enzjmatic oxidation of tjTosine in proteins does not 
bring about as drastic a change in the tjTosine moiety as does the chemical 
oxidation. 

Chemical Studies of Effect of Tyrosinase on Proteins — Upon completion of 
each manometric e.xperiment the digests containing either native or boiled 
tyrosinase were saved for chemical and spectroscopic examination to de- 
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termine whether or not the oxidation of the protein molecule induced by 
tyrosinase could be demonstrated by techniques other than the mano- 
metric one. 


Studies on Native Protein 

Phenol Test for Tyrosine Phis Tryptophane — ^The phenol reagent was pre- 
pared according to Folin and Ciocalteau (12), and a standardization curve 
was made for tyrosine measuring the absorption at 420 my with a Coleman 
spectrophotometer. The test on the ty^rosinase-treated protein solution 
was made by adding 10 ml. of 0.5 n NaOH plus 3 ml. of phenol reagent to 
5 ml. of protein solution. After the solution had stood for 5 minutes, the 
absorption at 420 ray was measured. In each experiment the absorption of 
the protein solution with native tyrosinase was compared with the absorp- 
tion of the solution containing boiled tyrosinase. No significant difference 
in the amount of tyrosine plus tiyptophane could be detected by this 
technique, ivhich is not applicable to the study of t 3 ’’rosine of intact protein 
molecules before hydrolysis. 

Qualitative Millon’s Test for Tyrosine — This test was perfonned by 
adding to 1 ml. of tyrosinase-treated protein 3 ml. of water plus 3 drops of 
Millon’s leagent (13). The solution was then brought to a boil and allowed 
to cool. Results of these studies were what might have been predicted 
(see Table I). In all cases in which oxidation of the protein by tyrosinase 
was indicated manometrically by oxygen consumption, a much fainter 
pink color was obtained than for the control solution containing inactive 
tyrosinase. On the other hand, for those substrates not oxidized under the 
influence of tyrosinase there was no detectable qualitative difference in 
color with Millon’s reagent between proteins treated with active or inactive 
tyrosinase. Of course gelatin, protamine, and gramicidin, which contain 
no tyrosine, gave no color at all with Millon’s reagent, regardless of the 
presence or absence of active tyrosinase. Those proteins resistant to 
tyrosinase, but rendered labile by digestion with 1 mg. of trvpsin, did not 
react as intenselj'' with Millon’s reagent as did the controls treated with 
inactive tyrosinase. From the results of these studies with Millon’s reagent 
it appears that tyrosinase so modifies the phenol groups of certain labile 
proteins that they no longer produce an intense pink color in this test. 

Quantitative Determination of Tyrosine in Protein Hydrolysates 

Bernhart’s modification of the Millon- Weiss method for tyrosine deter- 
mination (14) was used, according to the directions given bj' Block and 
Bolling (15). In place of the 10 mg. of protein used in the test, 2 ml. of 
tyrosinase-treated protein containing 5 mg. of protein per ml. were used. 
The final reddish colored solution which was obtained showed a maximum 
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absorption at 420 mii and so the calibration curve for tyrosine was made at 
this wave-length. All subsequent measurements on the protein hydrolj-- 
sates were also made at 420 mu. Results of the tyrosine anah'sis by this 
test are presented in Table III, from which it appears that for tjTOsinase- 
labile proteins the action of tj’rosinase results in all cases in a decrease 

Table III 


EjJccloJ Tyrosinase on Tyrosine Content of Proteins As Measured by Modified Millon- 
TTriss Test for Tyrosine in Protein Hydrolysates 


Protein 

T3Toslnase 

Tyrosme in 10 
tng. protein 

Serum albumin, bovine 

Inactive 

ms. 

0.55 

<< tt It 

Active 

0.59 

" “ human 

Inactive 

0.53 

<< 14 11 

Active 

0.61 

“ " “ + trj-psin 

Inactive 

0.80 

41 <4 ^ 44 

Active 

0.71 

Casein 

Inactive 

0.71 


Active 

0.63 

Chymotrypsin 

Inactive 

0.35 

44 

Active 

0.23 

Fibrinogen + trypsin 

Inactive 

0,57 

“ + " 

Active 

0.52 

0-Globulin, bovine, 4- trypsin 

Inactive 

0.76 

. 4 44 ^ 44 

Active 

0.70 

7-GlobuIin, human, 4* ** 

Inactive 

0.72 

“ “ -t- “ 

Active 

0.51 

Gramicidin -f- trypsin 

Inactive 

0.08 

“ -f “ 

Active 

O.OS 

Hemoglobin 

Inactive 

0.36 

44 

Active 

0.18 

Insulin 

Inactive 

1.04 

** 

.Active 

0.77 

Pepsin 

Inactive 

0.53 

44 

Active 

0.33 

Trypsin 

Inactive 

0.49 


Active 

0.34 

Tyrosine (0.1 mg.) 

Inactive 

0.08 

“ (0.1 “) 

Active 

0.02 

Tyrosinase 


0.02 


(as compared with the control which was treated with inactive tyrosinase) 
in the amount of tyrosine present in an alkaline hydrolysate of the protein. 
The results of the chemical tests confirm the manometiic studies in re- 
flecting the oxidation of phenolic groups in native proteins catalyzed by 
tyrosinase. 
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Effect of Tyrosinase on Color of Proteins 

In view of the fact that tyrosinase, in acting on tyrosine, mono- and 
polyphenols and their derivatives, produces pigmented oxidation products, 
it is not surprising that proteins oxidized catalytically by tyrosinase are 
converted to colored end-products. The protein solutions studied mano- 
metrically for oxygen consumption gradually darkened to a reddish brown 
color in the presence of active tyrosinase, but not in the presence of boiled 
tyrosinase. This was true only of those proteins which were o.xidized by 
tyrosinase; no change in color was observed, if the protein was not oxidized. 
The results of a typical experiment are shown in Fig. 3 for chymotrypsin. 



WAVE-LENGTH.m.D 

Fig. 3. Effect of tyrosinase on the visible absorption spectrum of crystalline 
chymotrypsin. The solution contained 25 mg. of chymotrypsin, 4.5 ml. of phosphate 
buffer, pH 7.3, 2 drops of toluene, and 0.5 ml. of tyrosinase added at zero time. The 
chymotrypsin is oxidized to a brownish color which absorbs strongly in the blue- 
violet region. 

The upper curve is the transmission curve immediately after adding 0.5 ml. 
of Upjohn tyrosinase to 25 mg. of crystalline chymytrypsin (in 4.6 ml. of 
phosphate buffer at pH 7.3). The transmission after 22 hours at 37° is 
shown by the lower curve. Although wdth many protein substrates there 
is some increase at other wave-lengths in absorption produced by tyrosinase, 
the maximum effect with all proteins is in the violet region at 410 mp. 
Similarly the action of tyrosinase on tyrosine results in a maximum absorp- 
tion in the violet region. 

In view of the fact that tyrosinase produces a color change of certain 
labile proteins, it is possible to use this production of pigment as a means of 
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studying the kinetics of oxidation of proteins under the influence of ty- 
rosinase (see Fig. 4). A comparison of Figs. 1 and 4 indicates that the ki- 
netics of protein o.xidation are similar when followed manometrically or 
colorimetricaU}’. 

Effect of Tyrosinase on Ultraviolet Absorption Spectrum of Proteins 

Since the absorption peak characteristic of most proteins at about 276 m/x 
can be chiefly ascribed to the presence of tjTosine and tryptophane (16, 17), 
it seemed likely that any effect of t3T0sinase on the tjTosine of proteins 



Fic. 4. Kinetics of the increase in color at 410 ra^ associated with the oxidation o^ 
chjTnotrj-psin catalyzed by tyrosinase. The composition of the solution is the same 
as for Fig. 3. 

would be reflected in a change in the ultra^’iolet absorption spectrum, 
especially in the region of 276 mp. 

The absorption spectra were taken in the Spectroscope' Laboratoiy of the 
Massachusetts Institute of Technologj' with a Hilger quartz spectrograph 
equipped with a Spekker photometer. Detailed studies were made with 
untreated pepsin, chj'motrypsin, and trypsin, and these same proteins 
after treatment with tyrosinase for several days. These solutions had been 
studied manometrically before their ultraviolet absorption was measured. 
As usual, the protein concentration was 5 mg. per ml. in phosphate buffer 
at pH 7.3. The control solutions contained 0.1 ml. of water per ml., while 
the e.xperimental solution contained 0.1 ml. of Upjohn tyrosinase. The 
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absorption of the tyrosinase solution was studied independently with 
0.1 ml. in 0.9 ml. of buffer. In order to measure the absorption it was 
necessaiy to adjust the concentration of prolein in solution by dilution witli 
water to different extents, depending on the absorption of the specific 
protein used. Before plotting the results the log extinction coefficients 
Avere multiplied by the dilution factors to put the data for all solutions on 
a comparable basis. - 

Results with pepsin are shown in Fig. 5. The control curve for pepsin 
in buffer agrees closely with that reported by Gates (18, 19) with a 
maximum absorption at 275 mg attributable to tyrosine and ti^Titophane- 



WAVE-LENGTH.m^ 


Fig. 5. The ultraviolet absorption spectrum of certain protein solutions. Upper 
curve, the solution contains 25 mg. of crystalline pepsin, 4.5 ml. of buffer, 0.5 ml. of 
tyrosinase, 0.001 mg. of merthiolate. Middle curve, the same, but 0.5 ml. of wafer 
instead of tyrosinase. Lower curve, 4.5 ml. of buffer, 0.5 ml. of tyrosinase, 0.001 mg. 
of merthiolate. The oxidation of pepsin by tyrosinase has increased the absorption 
in the ultraviolet with the elimination of the ma.ximum in absorption at 275 ngi attrib- 
utable to tyrosine. 

The tyrosinase shows a typical protein absorption spectrum with a slight 
peak (more apparent Avhen the data are plotted on a larger scale) at 268 
mg, agreeing fairly tvell Avith the absorption band reported by Dalton and 
Nelson (20). The oxidation of pepsin catalyzed by tyrosinase increases 
the absorption throughout the ultraviolet, but the specific peak at 275 mg 
attributable to tyrosine has been completely eliminated, suggesting an 

’ This correction involves the assumption that Beer’s law applies to the absorption 
of these solutions in the ultraviolet. Even if it did not strictly apply, the error would 
not be great, since the dilution factors did not differ appreciably for the different 
solutions. 
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oxidation of the tjTosine of pepsin by tjTosinase. Results with chjmoti^-p- 
sin are very similar to those for pepsin. The control solution is character- 
ized by a sharp peak at 272 m/i, a minimum at 253 m/i, and “end-absorp- 
tion” below 240 m/i. The oxidation of chjTnotrjpsm bj' tjTosinase gives 
rise to an increase in absorption over most of the ultra'V’iolet, but the sharp 
peak in absorption at 272 mp is eliminated. T 3 Tosinase also produced an 
increase in absorption of trjpsin over most of the ultraidolet spectrum, but 
the solutions were not satLsfactoiy for comparison at 280 mfi, at vhich 
point trypsin shows a sharp peak in absoiption (21, 22). 

These studies on light absorption clearlj- demonstrate that oxidation of 
tjpical proteins catah-zed b.v tjTosinase results in an increased absorption 
bj' the protein in the blue-xdolet and ultraidolet, anti that the specific 
absorption of the protein attributable to tjTOsine is greath- decreased. 

DISCUSSIOX 

The oxidation bj" tjTosinase of tjTosine in certain labile proteins or in 
proteins rendered labile bj' treatment -n-ith trjpsin is clearlj- indicated bj- 
studies of oxj'gen consumption, production of pigment, decrease in color 
produced mth Millon’s reagent, decrease in tjTosine in the protein hj'- 
drolj'sate as measured quantitativelj- bj- the modified Millon- Weiss method, 
and increased absorption in the ultraxiolet accompanied bj’ the elimination 
of the peak at 276 m/i attributable to tjTosine. The rate of oxidation of 
proteins bj' tjTosinase is verj- much less than the corresponding rate of 
oxidation of tj-rosine. Although in each case the oxidation is believed to 
proceed through the formation of dopa (3,4-dihj-droxjphenj-lalanine), 
the further oxidation of tjTosine is not as extensive for the tjTosj-l moietj' of 
proteins as it is for free tjTOsine which is converted to melanin (1). 

The striking difference in susceptibUitj' of different proteins to attack bj- 
tjTosinase suggests that in some proteins the tjTOSj'l group is available at 
the surface of the molecule, while in others the stereochemical configuration 
of the protein is such as to render the tjTosine residue inaccessible to ox- 
idation by tjTosinase. Even in those proteins labile to tjTOsinase onlj- a 
fraction (about 10 to 20 per cent) of the total tjTOsine was oxidized bj- 
tjTosinase; a large part of the tjTOsine appears inaccessible to tjTOsinase. 
On the other hand a very large fraction of the tjTOSj'l residues of 
proteins reacts nfth certain chemical reagents (9, 11, 23, 24). The dif- 
ference in extent of reaction with tjTosj'l groups of proteins bj- tjTosinase 
and chemical reagents is also illustrated bj' the fact that the former does 
not destroy the biological acti^-itj- of the proteins, nhile the latter inactivate 
the proteins 

In \f ew of the fact that the oxidative enzj-me tjTOsinase has been shown 
to act on certain proteins in vitro, it seems possible that other non-proteo- 
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lytic enzymes will also attack native proteins. In particular the action on 
proteins of such enzymes as deaminases, decarboxylases, dehydrogenases, 
and certain oxidases deserves careful study. From such investigations may 
come at least a partial interpretation of the great lability of proteins in 
living systems. 


SUMMARY 

Both crude and highly purified mushroom tyrosinases have been demon- 
strated to oxidize the tyrosyl groups of such proteins as trypsin, pepsin, 
chymotrypsin, casein, peptone, insulin, and hemoglobin. Tyrosinase did 
not oxidize gelatin, protamine, and gramicidin, which are devoid of tyrosine. 
Certain proteins containing tyrosine were resistant to tyrosinase; these 
included egg albumin, human and bovine serum albumin, tobacco mosaic 
virus, human y-globulin, bovine /?-globulin, and bovine fibrinogen. All 
members of this group which were studied were oxidized by tyrosine after 
a preliminaiy treatment with crystalline trypsin. 

Several techniques were employed in studj'ing the action of tyrosinase on 
proteins, all of which methods yielded consistent data. These procedures 
included (1) the measurement of oxidation manometrically from oxygen 
consumption; (2) the measurement of phenolic groups with Millon's test 
on intact proteins; (3) the quantitative determination of tyrosine in pro- 
tein hydrolysates; (4) the quantitative measurement of pigment production 
in the blue-violet caused by the action of tyrosinase on proteins; (5) the 
measurement of change in the ultraviolet absorption spectrum especially at 
275 mfjt, at which wave-length the protein absorption is due to tyrosine and 
tryptophane. 

In contrast to most chemical reagents which react with the t 3 Tosyl group 
to destroy the biological activity of the protein, tyrosinase has no effect on 
the enzymatic activity of pepsin, trypsin, and chymotrypsin. This dif- 
ference may be related to the fact that only a small fraction of the total 
tyrosine of the protein is oxidized by tyrosinase, and that each tyrosyl 
group does not appear to undergo a veiy extensive oxidation. 
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MICROBIOLOGICAL METHODS FOR THE 
DETER^MINATION OF AMINO ACIDS 

III. EXTEXSIOX OF THE UNIFORM ASSAY METHOD FOR THE TEN 
ESSENTIAL .AMINO ACIDS TO INCLUDE TYROSINE 

Br MARION GUNNESS, IRLA M. DWYER, .ikd JACOB L. STOKES 
(From the Research Lahoratories , Slerck and Company, Inc., Rahxcay, N'cw Jersey) 

(Received for publication, December IS, 1945) 

In an attempt to extend, standardize, and thus simplifj' microbiological 
methods for the determination of amino acids, a imifonn assay method for 
the ten essential amino acids in proteins and foods vras developed pre- 
viously (1). One standard medium and one procedure are employed in 
the method. Nine of the essential amino acids are assayed ^vith Strepto- 
coccus faecalis and phenylalanine tvith Lactobacillus deUrruclni LD5, and 
the response of the two organisms to the amino acids is measured b}' 
titrating, wth standard NaOH, the lactic acid produced during growiih. A 
complete analysis can be made with 1 .5 gm . or less of sample . An ext&sion 
of this basic method to include the determination of tjTOsine in proteins 
and foods is described in the present paper. 

Procedure 

Assaj's are carried out with Lactobacillus delbrudni LDo. Directions 
for obtaining and maintaining this organism and the preparation of inoc- 
ulum, assay medium, standard, and samples for assay are exactly as out- 
lined previously (I, 2). Routinely, 0.5 gm. or 1.0 gm. of dried sample is 
hydrolyzed with 10 cc. of 5 x NaOH in sealed ampules by autoclaving at 
15 pounds steam pressure (121°) for 10 hours. This is the procedure 
previously recommended for the assay, of tryptophane (1), and hydrolysates 
prepared in this fashion can be used for the assay of both amino acids. 
The precipitate which forms on neutralization of the alkaline hydrolysate 
is best removed bj' centrifugation and must be washed twice with about 
20 cc. quantities of water to insure complete separation of adhering tjTOsine. 
Assays are titrated nith 0.1 K NaOH after 3 days incubation at 37°. 

Only the I or naturally occurring isomer of tjTOsine can be metabolized 
by Lactobacillus delbrilddi; the d isomer is completely inactive. Identical 
standard curv'es are obtained with the I and dl forms when twice as much 
of the optically inactive form is used. Since 1(— )-tyrosine is the more 
readilj' available form, it was used axclusively as the standard. The 
microbial response to increments of tyrosine in the range of 0 to 100 y is 
shown in Fig. 1. 
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Hydrolysis of the sample with alkali under the conditions described 
above results in complete racemization of the tyrosine. Since the d isomer 
does not promote growth, the assay value must be multiplied by a factor 
of 2, as is the case with tryptophane, to obtain the final tyrosine content 
of the sample. 


RESULTS AND DISCUSSION 

Acid or alkali can be used to hydrolyze purified proteins for the deter- 
mination of tjTOsine (3, 4). However, only alkali may be used to digest 
proteins contained in natural products, since the accompanying carbohy- 



microgramsof tyrosine 

Fig. 1. Standard tyrosine curve 

drate may produce considerable loss of tyrosine on acid hydrolysis because 
of humin formation (5-7). This is clearly indicated in Table I. It is 
noteworthy that loss of tyrosine on acid hydrolysis of foods is appreciable 
only when the ratio of carbohydrate to protein exceeds 1 : 1 ; at a ratio of 
7:1 or 9:1 almost 50 per cent of the tyrosine disappears. Loss of tyrosine 
due to humin formation is readily demonstrated also bj' means of S 3 mthetic 
carbohydrate-protein mixtures. Xjdose or arabinose was added, in vary- 
ing proportions, to casein and blood meal prior to digestion with acid. As 
the ratio of carbohydrate to protein is increased from 0.5:1 to 8:1, a pro- 
gressive loss of tyrosine occurs so that at the highest ratio less than 50 per 
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cent of the tyrosine is recovered (Table II). Xj'lose and arabinose behave 
similarlj' in this respect and appear to be more active than the carbohy- 
drates in the natural materials. With the latter, destruction of tyrosine 
is e\'ident only TThen a 1:1 ratio of carbohydrate to protein is exceeded, 
whereas with the prepared carbohydrate-protein mixtures at the 1:1 
ratio more than 20 per cent loss of tyrosine occurs. Interestingly, free 
tyrosine is considerably less susceptible to humin formation than tyrosine 
combined in proteins; onlj* about one-half as much of the former as com- 


Table I 

Tyrosine Content of Proteins Hydrolyzed with All.ali and .tcirf 
The results are calculated in rag per gm of partially dried material. 


Protein 

5 vKaOH* 

10 per cent 
HClf 

Per cent 
change 
mth 
acid h>- 
drolysis 

Approximte ratio o! carbo' 
hjdrate to protein 
(Utcrature reference N'o ) 

Wheat, seed 

4 4 

28 

-36 

6:l (S) 

Flour, patent 

43 

2.5 

-42 

7:1 (8) 

Barley, seed 

5 S 

3.6 

-38 

9:1 (8) 

Corn-meal, white 

4 S 

2 7 

-44 

9:1 (9) 

String beant 

5 6 

2 6 

—54 

3:1 (8) 

Bananat 

1 2 

0 53 

—56 

19:1 (8) 

Milk, whole 

12 7 

10 3 

-19 

1 4:1 (9) 

Yeast, brewers’ 

’ 15 3 

15 6 

0 

0 S.l (8) 

Egg, whole! 

20 

19 

—5 

0.06:1 (S) 

Blood meal 

IS 4 

20 

-49 

0 03:1 (9) 

Beef brainj 

ir 3 

16 0 

-S 

0.1:1 (S) 

“ muscle! 

25 

25 

0 

Low in carbohydrate 

Casein 

49 

51 

-44 

C( (( 

Gelatin * 

3 6 

3 3 

-S 

(C (( Cl 

Glycinin 

31 

34 

-410 

It tt tt 

Egg albumin 

32 

32 

0 

(( II (I 

P-Lactoglobulin 

32 

34 

-j-e 

1C Cl <c 

Tobacco mosaic virus 

30 

32 

-47 



* Autoclaved for 10 hours at 15 pounds steam pressure (121°). 
t Autoclaved for 5 hours at 15 pounds steara pressure (121°) 
t Completely dned material 


pared to protein tyrosine disappeared on acid hydrolysis tvith added 
carbohydrate. 

In contrast, there is no significant loss of tyrosine on digestion of car- 
bohydrate-protein mixtures in a ratio of 1:1 with XaOH (Table III). 
Also, no loss of tyrosine occurred when the ratio of carbohydrate to protein 
was increased to 3:1. Similar results were obtained by Lugg with free 
tyrosine and edestin (7). Digestion with alkali was adopted, therefore, 
for routine use in preparing natural materials for assay. 
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Autoclaving of proteins at 15 pounds steam pressure (121°) for 5 hours 
with 5 N NaOH is adequate for complete liberation and racemization of 
tyrosine (Table IV), There are indications with casein and wheat that 
prolongation of the heating time to 30 hours results in some destruction of 

Table II 

Ejjecl of Added Carbohydrate on Tyrosine Content of Proteins Hydrolyzed with Acid 


The results are calculated in mg. per gm. of partially dried material. 


Protein 

1 

Caibohydratc 

added 

1 

Ratio of carbohydrate to protein 

0.35:1 

0.5:1 

1:1 

2:1 

4:1 

8:1 

Casein 

None 

52 








1-Xylose 


48 (7.7)* 

46 (12) 


36.5 (30) 

33 (37) 

25.5 (51) 


l-.A.rabi- 


48 (7.7) 

45 (14) 

41 (21) 





nose 








Blood 

None 

20 j 







meal 

/-Xylose 


17.0 (12) 

16.6 (17) 

15.4 (23) 

13.8 (31) 

11.9 (40) 

9.6 (52) 


/-Arabi- 


17.4 (13) 

17.0 (15) 

14.6 (27) 


i 



nose 








l-Tyro- 

Xone 

24. SI 





1 


sine 

/-Xylose 



22.3 (10) 

21.8 (12), 

21.3 (14) 

20 (19) 

18.1 (27) 


j /-.\rabi- 



22.5(9.3) 

22 (11) 





1 nose 









* The figures in parentheses are per cent decreases of tyrosine. 


Table III 

Effect of Added Carbohydrate on Tyrosine Content of Proteins Hydrolyzed with Alkali 


The results are calculated in mg. per gm. of partially dried material. 


Protein 

Carbohydrate added* 

None 

/-Xylose 

/-Arabinose 

Casein 

48 

49 (-h2.1)t 

50 (-f4.2) 

Blood meal 

18.2 

18.4 (-fl.l) 

19.0 (-f4.4) 

Glycinin, soy bean 

32 

30 (-6.3) 

31 (-3.1) 

Yeast, brewers’ 

16.3 

16.0 (-1.8) 

16.8 (-b3.1) 

Beef brainj 

19.8 

17.4 (-12) 

21.8 (-flO) 


* An amount equal to that of protein was used, 
t The figures in parentheses are per cent changes in tyrosine, 
t Completely dried material. 


tyrosine. Otherwise this amino acid appears to be quite resistant to heat- 
ing with alkali. Hydrolysis of casein, blood meal, and yeast with 10 per 
cent HCl is also complete in 5 hours. 

Although autoclaving for 10 hours with 5 n NaOH is used routinely, 
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2 N NaOH appears to be sufficient for complete digestion (Table V). Also, 
Ba(0H)2, under the conditions described by Greene and Black (10), can 
be used in place of NaOH. 

The reliability of the microbiological tj-rosine values is supported by 
their good reproducibility on repeated assay (Table VI) and by the quan- 

Table r\' 

Effect of Time of Hydrolysis icith Alkali and Acid on Liberalion of Tyrosine 

from Proteins 

The results are calculated in per cent of partially dried material. 



Hj'dfo- 

lyzmg 

asent 

; Hr?. o{ hydrolysis* 

2 

1 5 

10 

IS 

20 

1 30 

Casein 

NaOHt 


5.4 

5.2 

5.1 

4.9 



HClt 

5.0 

i 5.0 

4 S 


4.8 


Blood meal 

1 NaOH 


1.93 

1.S5 

1.91 

1.85 



1 HCl 

1.83 

2.00 

1.90 


2.00 


Yeast, brewers’ , . j 

1 <( 

1.65 

1.5S 

1.59 


1.5G 


Glj cinin, soy bean 1 

j NaOH 


3.2 

3.0 

3.0 

2.9 


Beef brain§ 

1 ** ! 


1.53 

1 

1.59 

1.51 j 


IVheat, seed . 

1 ** ' 


0.44 

0.40 ! 

0.40 

1 

0.39 1 



* Autoclaved at 15 pounds steam pressure (121°). 
t 5 N NaOH. 

1 10 per cent HCl. 

I Completely dried material. 


Tabu: V 

Effect of Concentration and Type of Alkali on Liberation of Tyrosine from Proteins 
The results are calculated in per cent of partially dried material. 


Protein | 

1 NaOH* 

Ba'OH)s 

1 N 

2 N 

3 x 

5k 

6 N 

Corn-meal .... 

0.40 

0.48 

0.44 

0.49 

0.51° 

Wheat, seed ... 

0 39 

0.44 

0.45 

0.47 

0.42* 

Casein . . 




5.2 

5.0t 


* Autoclaved for 10 hours at 15 pounds steam pressure (121°). 
t Autoclaved for 7 hours at 15 pounds steam pressure (121°). 


titative recovery, within 10 per cent, of tjTosine added to proteins prior to 
hydrolysis (Table ^^I). In the recovety axperiment it was necessaiy to 
autoclave the mixtures containing 0.5 gm. of protein and 5 mg. of tyrosine 
for 30 hours to obtain complete racemization of the added tyrosine. The 
Well known fact that amino acids with a free carboxyl group are difficult to 
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racemize (11) is demonstrated clearly in the case of t 5 ’Tosine. Although 
5 mg. of tyrosine combined in proteins can be completely racemized in 5 


Table VI 

Rcproducibililtj of Tyrosine Values 
The results are calculated in per cent of partially dried material. 


Protein* 1 

Assay 1 

Assay 2 


Assay 4 

Mean 

1 

Casein 

4.8 

4.8 

5.2 

4.9 

4.9 

Glycinin, soy bean 

3.2 

3.0 

3.3 

2.9 

3.1 

Blood meal 

1.82 

1.85 

2.1 

1.85 

1.91 

Corn-meal 

0.49 

0.47 

0 49 


0.48 

Flour, patent 

0.47 

0.42 

0.40 


0.43 


* Autoclaved with 5 n NaOH for 10 or 20 hours at 15 pounds steam pressure (121°)' 


Table VII 


Recovery of Tyiosiiic Added to Proteins Prior to Hydrolysis* with S y NaOH 
The results are calculated in mg. per gm. of paitially dried material. 10 mg. of 
tyrosine were added to each substance. 


Substance 

1 

Content 

1 Total 

1 

Found 

Per cent re- 
covery 

Casein 

48.8 

58.8 

58.4 

99 

Linseed meal 

9 4 

19.4 

19.7 

101 

Beef brain t ■ 

19 2 

29.2 

26.2 

90 

Blood meal 

18 4 

28.4 

31.4 

110 


* kutoclaved for 30 hours at 15 pounds steam pressure (121°). 
t Completely dried material. 


Table VIII 

Influence of Time on Racemization of Tyrosine with 6 y NaOH 




Hrs of hydrolysis* 


/(— )-Tyrosine 

5 1 

10 

1 1 

1 30 



Per cent tyrosine recovered 


m|. 

5 

170 

144 

114 

100 



152 

124 

115 


* Autoclaved at 15 pounds steam pressure (121°).' 

hours with 5 N NaOH (Table IV), it is necessaiy to heat 5 mg. of free ty- 
rosine for 30 hours to obtain the same effect (Table VIII). 

The response of Lactobacillus dclbruckii to tyrosine is quite specific. The 
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follov\Tng compounds were less than 1 per cent as active as tjTOsine on a 
weight basis: tjTanme, epinephrine, phenylacetic acid, mono-X-phenyl- 
acetylethylenediamine hydrochloride, X-phenylacetylethanolamine, and 
a-bromo-/S-phenylpropionic acid. Phenylalanine, which is a constituent 
of the basal medium, is, of course, also inactive. It is of interest and also 

Table IX 


Comparison of Microbiological Values of Tyrosine icith Those Cited in Literature 


Substance 

Per cent 

Per cent 

Per cent tyrosme m protem (N X 6 25) oa dry 
basts 

basts) 

(dty 

basts) 

Mtcro- 

bio- 

lo^ca) 

values 

Literature v'atues 

Bibltosraphtc 
reference No 

Wheat, seed 


0 49 

3 5 

3 9, 4 8 

IIBl 

Flour, patent 


0 49 

3 4 

3 8 


Rye, seed 

1 95 

0 41 

3 4 

4 8 

(13) 

Barley, seed 

2 59 

0 63 

3 9 



Corn meal, white 

1 65 

0 53 

5 1 

5 6,* 7 1* 

(13) 

Soy bean flour, defatted 

9 32 

2 1 

3 6 

4 1 

(13) 

Alfalfa meal 

pglil 

0 64 

3 5 

5 7 

(13) 

Yeast, brewers' 

9 14 

1 64 

2 9 

3 6,4 2 

(13) 

Milk, whole 

4 34 

1 37 

5 0 

5 0, 5 5 

(13) 

Egg, “ 

7 97 

2 0 

4 1 

4 2 4 3 

(13) 

String bean 

2 86 

0 56 

3 1 



Banana 

0 75 

0 12 

2 6 



Beef muscle 

11 90 

2 5 

3 4 

2 2, 3 4, 4 3 

(13) 

“ brain 

7 38 

1 73 

3 8 

4 6, 4 S 

(13) 

Blood meal 

14 96 

2 0 

2 2 

2 Of 

(13) 

• 




Per cent of dry wusbt 


Casein, S M A.J 


5 6 


5 3, 6 01, 6.37 

(13-15) 

Gelatin, Knoxt 


0 41 


0 3, 0 26, 0 46 

(13, 16, 17) 

Glycimn, soy beanj 


3 7 


4 55 

(IS) 

Egg albumint 


3 4 


3 93, 3 86, 3 89 

(4, 19, 20) 

fl-LactoglobulinJ 


3 6 


4 2, 3.78 

(21, 22) 

Tobacco mosaic virusj 


3 4 


3 8, 3 9 

(23, 24) 

Bovine serum albummt 


5 3 


5 53 

(25) 


• For \\ho!e corn 

t For cattle hemoglobin 

J Autoclaved vnth 10 per cent HCl for 5 hours 


essential for the assay method that Laciobacilhts delbrucfnt is less versatile 
than the rat, which can stmthesize tjTOsine from the phenylalanme sup- 
plied to it (12), 

It is apparent from Table IX that, m general, the tyrosine values obtained 
by microbiological assay for the various natural substances and puriBed 
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proteins approximate values obtained with chemical|methods on similar 
substances cited in the literature. However, the microbiological figures 
are almost consistently 10 to 15 per cent lower then those obtained by 
colorimetric methods. This difference is especially evident ivith purified 
proteins. Part or all of it may be due to differences in the samples them- 
selves. Thus the glycinin (Illini) preparation of l^ckery, which contains 
3.7 per cent tyrosine bj' microbiological assay, has a nitrogen content of 
16.93 per cent compared to 17.74 per cent nitrogen for the glycinin (Illini) 
of Csonka and Jones, for which the}-- obtained a value of 4.55 per cent 
tyrosine by the colorimetric method of Folin and Ciocalteu. Also, for 
some proteins, the chemical values have been corrected for ash and, in the 
case of lactoglobulin, for estimated losses of tyrosine in the assay. Such 
corrections have not been made for the microbiological values, since it is 
not certain that significant losses of tyrosine occurred during hydrolysis of 
the proteins; corrections for ash content would only slightly alter the 
microbiological values. The extensive controversy concerning the accuracy 
of the various colorimetric procedures for measuring tyrosine (4, 26, 27) 
indicates that values obtained by such methods cannot be considered as 
unqualified standards in judging the accuracy of the microbiological data. 
It may be significant that the microbiological value of 5.3 per cent tyrosine 
(average of 5.1, 5.5, 5.4 per cent) for bovine serum albumin is in good 
agreement with the figure of 5.5 per cent obtained on the same sample by 
the accurate isotope dilution methods. 

The purified proteins were assayed for tyrosine also inth Streptococmis 
faecalis (1) and essentially the same results as nnth Lactobacillus delbruckii 
were obtained. There was a trend ivith both organisms towards slightly 
higher tyrosine values when the proteins were hj^drolyzed with 10 per cent 
HCl for 5 hours compared to hydrolysis ivith 5 N NaOH for 10 houia. 
Also, somewhat better agreement at the different assay levels was obtained 
with the acid hydrolysates, especially in the case of bovine serum albumin. 
It may be preferable, therefore, to digest purified proteins with acid for 
microbiological tyrosine assays. Since digestion with acid does not 
racemize the tyrosine in the protein, assay values must not be multiplied by 
the factor of 2, as is done when alkaline hj’-drolysis is employed. However, 
alkaline hydrolysis must be used with natural substances, except possibly 
for those materials which have a ratio of carbohydrate to protein of less 
than 1:1, since hj’^drolysis with acid would destroy tyrosine because of 
humin formation. 

Streptococcus faecalis was used as the assay organism in the initial ex- 
periments, but was discarded because growth was frequently inhibited by 
toxic substances in alkaline hydrolj'sates of wheat, rye, com-meal, flour, 
and other materials which are low in tyrosine and must be added, there- 


GOXNESS, D'nrrER, AND STOKES 


167 


fore, in relativelj' large amounts to the assay tubes. Unsuccessful attempts 
to eliminate the tovicity of these hydrolysates included digestion with 
NaOH for 15 to 30 hours in place of the customary 10 hours, use of 1, 2, 
and 3 n NaOH instead of 5 n alkali, substitution of Ba(OH). for NaOH, 
and increase in incubation from 2 days to 3 or 4 dejs. The possibility that 
the toxicity was due to excess NaCl in the hydrolj'sates which formed on 
neutralization of the digests was excluded. Substitution of Laclobacilltts 
delbrudni for Slreplococdus faecalis eliminated the difficulty. However, 
an occasional sample will partially inhibit acid formation also by Lacto- 
bacillus deibrucJni. This occurs usually at the highest assay level of 5 cc. 
and can be taken care of either by omitting the easily recognized incorrect 
value from the average or by repeating the assay wth smaller quantities of 
the hydrolysate of the sample. With the exception of barley, com-meal, 
egg, string bean, banana, beef muscle, beef brain, glycinin, and bovine serum 
albumin, which were used for the ffist time, the substances listed in Table 
IX are the same preparations assayed for the ten essential amino acids (1). 

The authors are greatly indebted to Dr. H. B. I'ickerv* for the glycinin 
preparation and to Dr. D. Shemin for the sample of bovine serum albiunin. 

srJMM-urY 

The previously developed basic microbiological assay method for the 
determination of the ten essential amino acids in proteins and foods has been 
extended to include the assay of tyrosine. The method is based upon the 
quantitative response of Lactobacillus delbriickn LD5 to increments of 0 to 
100 7 of tyrosine as measured by titration with 0.1 N NaOH of the lactic 
acid produced during growth. The reliability of the method is supported 
by the good agreement of values for different amounts of sample assayed, 
reproducibility of values on repeated assay, and by the quantitative re- 
covery, within the usual microbiological variation of 10 per cent, of tjTosine 
added to proteins prior to hydrolysis. As much as 50 per cent of the 
tyrosine in foods with a high carbohydrate content ma}' be lost owing to 
humin formation if hydrolysis with acid is employed. Such losses do not 
occur when hydroh"sis is carried out with alkali. This procedure is ac- 
cordingly routinely applied to aU natural materials. Either acid or alkali 
may be used to hj-drolyze purified proteins. The microbiological tyrosine 
values for the fifteen natural materials and seven purified proteins assayed 
are in fair agreement, in most instances, with chemical values on similar 
substances cited in the literature. 
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Present day interest in the role of isocitric acid in the metabolism of 
many animal and plant tissues has created a need for this somewhat rare 
substance. The naturally occurring optically active isomer of isocitric 
acid is, of course, desirable for use as a substrate for the investigation of 
enzj-me reactions. Work is now in progress with the object of simplify- 
ing the preparation of this isomer from the leaves of certain members of 
the family Crassulaceae, in particular from the leaves of Bryophyllum 
calycinum, in which it is normaUj’' present to the extent of 8 to 10 per cent 
or more of the dry weiglit (1,2). Nevertheless the racemic acid is useful 
for many purposes and attention has accordingly been given to the sjm- 
thesis of this substance. 

Three methods for the sjmthesis of isocitric acid or of its lactone have 
been described. The method of Fittig and jMiUer (3) depends upon the 
condensation of chloral with sodium succinate in the presence of acetic 
anhydride and subsequent hydrolysis of the residting trichloromethyl- 
paraconic acid to isocitric acid ; this is isolated as the lactone. The method 
of Wislicenus and Nassauer (4) depends upon the condensation of diethyl 
oxalate and diethj’l succinate to oxalosuccinic ester which is reduced with 
sodium amalgam to triethyl isocitrate; saponification and dehydration 
lead to the lactone. The third method is that of Greenstein (5, 6) who 
obtained isocitric lactone from a-aminotricarbaUj-fic acid after treatment 
with nitrous acid and dehydration; this was not advocated as a practical 
method for synthesis in quantity. 

The method of Fittig and iSIiller was employed by Nelson (7) and by 
Krebs and Eggleston (2). ISIartius (8) also prepared sjTithetic isocitric 
acid, but the method he used was not mentioned.* hlartius and also 
Krebs and Eggleston observed that 50 per cent of their S 3 'nthetic isocitric 
acid reacted when treated with aconitase; it is to be inferred, therefore, 
that their preparations contained only the naturally occurring acid and its 
enantiomorph. This is surprising, for inasmuch as isocitric acid contains 
two centers of asymmetrj’ the sjmthetic process would be expected to give 
nse to two racemic diastereoisomers. One of these, dl-rsocrtric acid, 

' In addition, Martins prepared optically active isocitric acid, althouEh in poor 
yield, by the action of liver aconitase upon cis-aconitic acid. He likewise states 
that he succeeded in obtaining small amounts from citric acid by the same means. 
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should behave as Martius and Krebs have observed; the other, which 
may be referred to as tf/-alloisocitric acid, should consist of a pair of enan- 
tiomorphs neither of which corresponds to the natural substance. 

In this connection, it is significant that the yield reported by ICrebs and 
Eggleston was only 60 per cent, and that Martius remarked that several 
reciystallizations were required to secure a product of satisfactory melting 
point. Thus in both cases there is a possibility that alJoisocitric acid may 
have been present in the reaction mixtures but was removed during the 
purification. 


Fi/ltg and Miller Method 

In the present study of the symthetic method of Fittig and Miller, it 
was found that the hydrolysis of trichloromethylparaconic acid with 
barium hydroxide gi\'es isocitric acid to the e.xtent of 95 per cent, as de- 
termined by titration. From 97 to 99 per cent of this could be isolated as 
substantially pure lactone, as was revealed b\' titration before and after 
opening the ring with warm dilute alkali. Nevertheless fractional crys- 
tallization of the lactone from ethyl acetate gave only from 80 to 85 per 
cent of material of a melting point of 162-163°, which was unchanged on 
recrystallization. From the mother liquors, a much more soluble product 
was secured in a yield of about 7 per cent of the lactone subjected to frac- 
tionation. Although titration of this fraction yielded values in good 
agreement with that calculated for pure isocitric lactone, the preparation 
gave every evidence of being a mixture. It melted over the range 135- 
138° and yielded derivatives that were also mixtures. Recrystallization 
of the derivatives, ho^^•ever, gar-e products in small yield that corresponded 
in properties with thc.se obtained from the main lot of lactone. These 
were separated from lai-ger proportions of what were clearly derivatives of 
an isomer of isocitric lactone. The p-bromophenacyl esters were particu- 
larly satisfactory for this separation. The main component of the frac- 
tion thus appeared to be alloisocitric lactone. This substance was not 
itself obtained in a satisfactorily pure state; se\-eral different derivatives 
were, however, successfully purified, and in all cases mixtures of the re- 
spective derivatives of the racemic diastereoisomers melted at depressed 
temperatures. 

In general, the preparation of the derivatives from mixtures presumed 
to be rich in alloisocitric acid oi- its lactone was far more difficult than from 
the purified crystalline lactone secured as the main product of the Fittig 
and Miller method of sjmthesis. The derivatives of alloisocitric lactone 
(or acid) separated slowly and in poor yield and w'ere, as a rule, consider- 
ably more soluble in the solvents employed than w'ere the derivatives of 
the other isomer. 
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Wislicenus and Nassauer Method 

These conclusions respecting the nature of the preparations of isocitric 
lactone obtained by the Fittig and hliller method ■were supported by ob- 
sen'ations made in the course of a study of the Wislicenus and Nassauer 
method. Triethyl isocitrate ■was obtained in approximately 89 per cent 
yield bj' the reduction of oxalosuccinic ester, and hydrolysis gave a quan- 
titative yield of isocitric acid, as measured by titration. The beha^vior of 
the product that resulted after conversion of the ester through the barium 
salt to the lactone ■u'as, however, quite different from that synthesized by 
the Fittig and Jililler method. The viscous sirup failed to deposit crys- 
tals even on long standing, although titration before and after treatment 
with warm alkali showed it to contain at least 95 per cent of the lactone, 
the balance being isocitric acid. Finallj*, b 3 ' treatment ■with a relatively 
small proportion of ethj-l acetate, a colorless solid ■which melted at 148- 
149° ■was obtained in about 50 per cent yield. Recrystallization from ethyl 
acetate and toluene converted about two-thirds of this material into a 
product that melted at 162-163° and corresponded in aU properties ■with 
the main product obtained by the Fittig and hliller method. 

The mother liquors were subjected to an elaborate fractional crystalliza- 
tion process. After the separation of a few negligiblj' small crops of crys- 
tals which were apparently rich in the isomer mentioned above, as evi- 
denced by melting points such as 148° and 150°, somewhat les than half 
of the lactone present in the solution was obtained as a fraction that melted 
at 134-137°. The yield of this product was thus about 20 per cent of the 
total lactone taken. Bj’ recrystallization from ethyl acetate-toluene 
mixtures, a quantity that coiresponded to about 8 per cent of the lactone 
subjected to fractionation was separated as a product that melted at 135- 
138°. This resembled the small fraction of similar melting point range, 
rich in alloisocitric lactone, obtained by the Fittig and Miller method; 
there was no depression of the wide melting point range when the two 
products were mixed. Furthermore, the p-bromophenacjd ester jdelded, 
on recrystallization, a product identical in melting point with that of aUo- 
isocitric lactone and mixtures of the two preparations showed no depres- 
sion in melting point. 

These observations permit the conclusion that both the Fittig and AlUler 
and the Wislicenus and Nassauer methods of synthesis of isocitric acid 
lead, as might be anticipated, to mixtures of both racemic varieties. It 
fortimately happens, however, that the mixture obtained bj' the Fittig 
and hliller method consists very largelj', possibly to the extent of 85 per 
cent, of the isomer which is the racemic form of the acid that occurs in 
nature. On the other hand, as the mixture obtained b 3 ' the IVlslicenus 
and Nassauer method contains the two isomers in more nearl 3 ' equal 
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proportions, their separation is difficult and the yields of the desired prod- 
uct are necessarily low. No satisfactorily pure specimen of alloisocitric 
lactone was secured, although small specimens of derivatives of it were 
isolated in pure form. 

A number of obsenmtions in the literature on the behavior of synthetic 
isocitric lactone can be accounted for in the light of these conclusions. 
The melting points of the products obtained by those who have employed 
the Fittig and Miller synthesis (160-161“ in the original paper, the same 
in Nelson’s, 163° in Krebs and Eggleston’s, 164° in Martius’, and 162-103° 
in the present work) are consistent and are to be contrasted with that 
(120-130°)’ recorded by 'W’islicenus and Nassauer and with the value 148- 
149° for the first crop of lactone obtained by their method in the present 
work, as well as mth those of several fractions separated during the re- 
crystallization of the product. It seems evident that investigators who 
have employed the Fittig and Miller method have in fact obtained homo- 
geneous material after sufficient purification, and the statements bj" Mar- 
tius and by lirebs that the products reacted to the extent of e.vactly 50 per 
cent under the influence of aconitase are thus comprehensible. Martius' 
statement suggests indeed that he made use of the Fittig and Miller 
method for the synthesis of his preparation. 

Although Nelson did not prepare the lactone from the ester he syn- 
thesized by the "Wislicenus and Nassauer method, he did prepare the tri- 
hydrazide. His statement that this “has not been obtained in a state of 
absolute purity” indicates that difficulties were encountered in the char- 
acterization. 

The pure lactone of optically active naturally occurring isocitric acid 
melts at 153-154° (1, 9), about 10° lower than the purified synthetic racemic 
variety. It may accordingly be inferred that the specimen of S 3 nthetic 
lactone secured by Greenstein (6) from a-aminotricarballylic acid, and 
w'hich he recorded as melting at 153°, was probably a mixture of the two 
diastereoisomers Avhich chanced to melt at the same temperature as' the 
lactone of the natural acid. It is to be noted that the yield of lactone he 
obtained from the barium salt of the synthetic acid was only 45 per cent 
(0.6 gm. from 3 gm. of anhydrous barium salt). This fact, together with 
the depressed melting point of the product, suggests that isocitric lactone 
obtained by Greenstein’s method of synthesis is probably a mixture of the 
isomers in a proportion not unlike that given by the Wislicenus and Nas- 
sauer method. 


Derivatives of Isocitric Acid 

Hydroxides — ^The trihydrazide of isocitric acid has not proved in the 
past to be particularly useful for the characterization of isocitric acid 


G. Vr. PUCHER AKD H. B. TK^ET 


173 


■wbether of the optically active natural isomer (1) or of the mixture of 
isomers obtained by synthe^ (7). There is stiU considerable uncertaintj' 
regarding the correct melting point of the trihydrazide of the natural acid, 
values of 201-202° (9), 196-197° (7), and 195-196° (1) ha^-ing been re- 
corded. These are, however, imusual observations; most preparations 
obtained in practice from natural soiuces melt within a few degrees of 
181°. 

The trihydrazide obtained from the ester synthesized by the Fittig 
and Miller method melted at 199-201°. It separated promptly and in 
almost quantitative yield, beha\’ing in general like the trihydrazide of 
the natural isomen 

The trihydrazide obtained from the ester sjmthesized by the "Wislicenus 
and Nassauer method separated slowly in a yield that rarely exceeded 30 
per cent and melted at 180-185°. By spontaneous evaporation of the 
mother liquor, a second crop of hydrazide was secured which melted at 
194-197°. A mixtiue of this second crop with the product secured by the 
Fittig synthesis melted at 185-188°. The e^ddence points again to the 
complexity of the mixture of substances obtained by the Wislicenus 
method, but the instability of the tiihydrazides on recrj’stallization ren- 
dered purification diflncult. The use of the hydrazides for characteriza- 
tion was accordingly abandoned. 

p-Bromophenacyl Esters — Of the several derivatives of isocitric acid 
that have been examined, the p-bromophenacjd esters (10) have proved 
to be the most useful, for the separation and identification of the isomers. 
The di-p-bromophenacyl ester of dZ-isocitric lactone is readily obtained 
in a yield of about 64 per cent; it is nearly insoluble in hot absolute alcohol 
and melts at 189-190°. The corresponding compound of dZ-alloisocitric 
lactone was secured in a jdeld of about 46 per cent from the impure prepara- 
tions of the lactone obtained by the Fittig and Miller method. This 
substance is moderately soluble in hot alcohol and accordingly can be 
separated by extraction from the small quantity of the dZ-isocitric lactone 
derivative that was present in the preparation. It separated in pure form 
when the solvent was cooled, as shown by the fact that the melting point of 
153-154° was not changed by further recrystallization. These deriva- 
tives thus permit clear and positive differentiation of the isomeric lactones. 
Mixtures of the two products melt to turbid oils at temperatures inter- 
mediate between the melting points of the indi\'idual substances. 

Substituted Benzyl Pseudothiouronium Salts — S-Benz 3 'l pseudothiouro- 
mum chloride (11) did not yield a satisfactory' compound with isocitric 
lactone but the p-chloro derivative (12) of the reagent gave in 73 per cent 
yield a salt which melted at 167-168° after recrystallization. The prep- 
aration rich in aUoisocitric lactone, however, gave oily' products which 
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could be induced to ciystallize mth difficulty. After purification, this 
compound also melted at 167-168°, but a mixture in equal proportions 
Muth the corresponding isocitric acid derivative melted at 160-161''. In 
a further attempt to find a useful reagent for the characterization of the 
two lactones, p-nitrobenzjd pseudothiouronium chloride was prepared 
essentially as described by Donleaay (11). A well crystallized salt vith a 
melting point of 153-155° was obtained from isocitric lactone with this 
reagent. AlloiSocitric lactone on the other hand yielded an oil that de- 
posited crystals onl}’’ after long standing. The crude product decomposed 
at 176° but could be separated bj’' means of alcohol into unchanged reagent 
and substances that decomposed between 150-160°. None of the deriva- 
tives of this type therefore held promise of serving for the separation of the 
isomers of isocitric lactone. 

p-Toluidinc Salts — MTien isocitric lactone dissolved in ethyl acetate is 
treated with p-toluidine dissolved in toluene, a ciystalline salt promptly 
precipitates. A monosalt is foimed if 1 mole of base is added, a disalt 
in the presence of 2 or more moles. The monosalt separates in a yield of 
about 90 per cent and can be recrystallized from alcohol. After being 
dried in vacuo, it melts at 144° and decomposes at 146-148°. The disalt 
separates in even higher yield but is difficult to obtain uncontaminated 
by the monosalt. After reciystallization from ethyl acetate in the pres- 
ence of excess toluidine, the preparation melted with decomposition at 
155-156°. MTien recrystallized without the addition of toluidine, the 
chief product was the monosalt. 

A preparation of the disalt of alloisocitric lactone was obtained in a 
similar manner but the crystals separated slowly' and the y'ield was not 
greater than 57 per cent. After being recry'stallized, the compound melted 
at 133° and decomposed at 140°. A mixture of equal parts of the isomeric 
disalts melted at 127° and decomposed at 131°. 

Although these toluidine salts have no especial value for precise chamc- 
terization or for the separation of the isomers, the disalt has potentialities 
for the purification of isocitric lactone on the large scale because of the 
high yield that can be obtained. The lactone can be i-ecovered from the 
salt by e.xtraction with ether under suitable conditions. 

TrichJoromethplparaconic Acid 

The presence of widely different proportions of isocitric and alloisocitric 
acids in the material obtained by the Fittig and Miller method raises the 
question of the homogeneity' of the preparation of the intermediate tri- 
chloromethylparaconic acid. The tests that have been made by means 
of the melting points of successive fractions obtained in the coui-se of 
reciystallization from water gave no evidence of significant separation of 
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isomers. Although the final crop, amounting to about 4 per cent of the 
sample taken, melted at a somewhat depressed temperature, titration 
indicated the presence of a contaminant Tvith a lower neutralization equiva- 
lent, possibly the dicarboxylic acid formed by the opening of the lactone 
ring during the evaporation of the mother liquors. 

The p-bromophenacyl derivative was an oil which failed to ciystaUize. 
The p-chlorobenzyl pseudothiouronium salt, however, had excellent 
properties; the yield from the first crop of trichloromethylparaconic acid 
was 88 per cent and the melting point, after recrystaUization, was 134?- 
134.5°; analysis. Is 6.32, theory for CnHu04N:SCli, N 6.25 per cent. 
The final crop of trichloromethylparaconic acid, which was presumably 
somewhat impure, gave the derivative in 75 per cent yield and with the 
same melting point after being reciystaUized; an equal mixture of the two 
preparations melted at 131-132°. This small depression could not be 
regarded as conclusive proof of the presence of isomers. 

The instability of trichloromethylparaconic acid suggested that the 
demonstration of inhomogeneity would be a matter of some difficulty. 
A study of the solubilitj’ has not been attempted. 

EXPERIMENT AL 

Sodium Succinate — ^The hexahydrate was prepared by adding a sli^t 
e.xcess (334 ml.) of 18 N sodium hydroxide to 354 gm. (3 moles) of succinic 
acid dissolved in 600 ml. of water. After filtration and neutralization to 
phenolphthalein by the addition of sufficient powdered succinic acid to the 
hot solution, 797 gm. (98.5 per cent) of crystals were obtained in succes- 
sive crops by evaporation of the mother liquors. The salt was dehj’drated 
to constant weight at 105-110°, rather than at 140° as recommended by 
Fittig and Miller. 

Trichloromethylparaconic Acid — Study of the details of the synthesis as 
described by Fittig and Miller^ resulted in a number of changes that 

’ Fittig and Miller recommended a reaction temperature of 110-120'’ and a heating 
period of 3 to 4 hours. They considered the reaction to be complete at the time the 
mass becomes black and suddeidy expands in volume. In the present work, lovr 
yields were obtained at temperatures below 120° even when the time was prolonged 
to 6 hours. The evolution of gas was not a satisfactory criterion of the end of the 
reaction, yields of only about 30 per cent being obtained if isolation was attempted 
at this stage. Because of the strong tendency to form emulsions, the separation of 
the greater part of the acid by direct crystallization was a marked improvement over 
e.xtraction with ether, as practiced by Fittig and Miller. The recovery of the small 
residual quantities of acid in the mother liquor by ether extraction then presented no 
difficulty. Hydrochloric acid is to be preferred to sulfuric acid for the acidification, 
as sodium sulfate may become a troublesome contaminant. RecrystaUization from 
carbon tetrachloride rather than from water is more satisfactory, since both succinic 


176 


SYNTHESIS OP ISOCITBIC ACID 


contributed greatly to the yield and purity of the product. The most 
advantageous procedure found was as follows: A mixture of 50 gra. of 
powdered anhydrous sodium succinate and 48 gm. of anhydrous chloral 
in a 500 ml. flask was rapidly stirred mechanically at room temperature 
while 31.5 gm. of acetic anhydride were slowly added. A reflux condenser 
was attached and the oil bath surrounding the flask was then heated to a 
temperature of 140° during 15 minutes and subsequently maintained 
within 2° of this temperature, efficient stirring being continued. A color- 
less solid soon separated and the mass began to darken. After about 30 
minutes, a sudden eimlution of gas occurred. Heating w'as continued 
for a total of G5 minutes from the time the bath reached 140°. The black 
mixture ^Yas cooled to 105° and 200 ml, of hot water w'cre slowly added. 
The tany mass was broken up with a rod and heated on thesteamhath 
until it was largely in solution, the extract was decanted, and the residual 
tar was dissolved by treatment with successive portions of hot water. 
The final solution, which amounted to 600 ml., was heated with 30 gm. 
of norit and filtered hot, 700 ml. of hot wmter being used to wash the norit. 
The clear pale brown solution was concentrated in vacuo to dryness with 
the aid of a few' drops of Turkey-red oil to control frothing. The residue 
of sodium salt was dissolved as far as possible in 200 ml. of hot ivater and 
60 ml. of concentrated hydrocWoric 'acid were added. The solution was 
chilled in an ice bath and stirred during the crystallization of the acid. 
After being chilled overnight, the crystals were ffitered, washed with 250 
ml. of ice water, and dried in air; jdeld about 51 gm., melting point 97°.' 
The mother liquor was shaken successively with 150, 100, and 70 ml. 
quantities of ether, and the combined extracts were w'ashed five times 
with a little water. The ether was distilled and the residual oil was 
dissolved in the minimal amount of hot w'ater; 4.6 gm. crystallized, melt- 
ing point 97°. The total yield w'as 73 per cent of the theoretical amount; 
in similar e.\'periments in which unchanged succinic acid was recovered, 
it corresponded to 81 to 86 per cent of the succinate consumed. On 
recrj'stallization from carbon tetrachloride (10 ml. per gm.) with the use of 
norit a 96 per cent recovery w'as secured of a product of melting point 
95-97°; analysis, Cl 43.0, theory for C 6 H 6 CI 3 O 4 , Cl 42.98 per cent. It was 
necessary to dry the crystals in a current of air heated to 70° to free them 
completely from the solvent. 

Barium Isociirate — ’218 gm. of hydrated barium hydroxide (about 10 
per cent excess over theorj') were dissoh'ed in 400 nfl. of hot water and 

acid and sodium chloride remain insoluble, and there is no tendency towards the 
formation of an oily product. The solubility of trichioromethylparaconic acid in 
carbon tetrachloride is about S per cent at boiling temperature and is less than 0.4 
per cent in the cold. 
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filtered into a 1 liter flask in an oil bath heated to 90-95°, and the residue 
of barium carbonate was washed with 100 ml. of hot water. The stirring 
mechanism was started and 50 gm. of trichloromethylparaconic acid were 
added at such a rate that no violent frothing occurred. This operation 
required about 20 minutes. The bath was then heated to 120° and main- 
tained at this temperature for 2.5 hours with constant stirring. The hot 
solution was filtered’ and the barium salt was washed with 700 ml. of 
boiling water, suspended tudce successively in 35 per cent alcohol and then 
in strong alcohol, and was finally washed with ether. After being dried 
in air, the product weighed 80.8 gm. 

The salt that separates under the conditions described is a monohydrate 
and it is invariably contaminated with a trace of barium chloride. If a 
more dilute solution of barium hydroxide is employed for the hydrol 3 rsis, 
the salt has the composition of a tetrahydrate. The monohydrate is 
obtained in a yield of about 98 per cent after correction for the barhun 
chloride in the preparation; the yield of the higher hydrate is somewhat less 
owing to its greater solubility. The higher hydrate loses 1 molecule of 
water at 105°; the monohydrate is stable at this temperature; both salts 
can be dehydrated at 170°. AU preparations examined were somewhat 
low in barium, the average of five lots being 51.6 per cent instead of the 
theoretical 52.16 per cent for the anhydrous salt. The barium chloride 
content of the preparations, calculated as the dihydrate from a chloride 
titration, ranged from 0.3 to 1.0 per cent. 

Isocilric Laclone (Mixture of Isomers ) — ^Barium isocitrate monohydrate 
equivalent to 315 gm. of anhydrous salt was added slowly to a rapidly 
stirred mixture of 135 ml. of 18 N sulfuric acid* and 2500 ml. of warm water. 
The suspension was digested on the steam bath for a short time and the 
small excess of sulfuric acid was then quantitatively removed by the ad- 
dition of the requisite amount of cold barium hydroxide solution. The 
barium sulfate was centrifuged and washed three times with hot water 
and the solution was concentrated in vacuo to 1 liter. It was then boiled 
n-ith 10 gm. of norit, filtered, and further concentrated to 500 ml. Titra- 
tion of an aliquot showed the presence of 145 gm. of isocitric acid instead of 
the theoretical 153 gm. Another aliquot was boiled with a sli^t e.xcess 
of alkali and titrated with acid; there was no difi'erence in acid content of 
the solution, showing that no sigiuficant lactonization had occurred up to 
this stage. 

-A portion of the solution that contained 107.3 gm. of isocitric acid was 
concentrated to a sirup which was heated in a boiling water bath for 10 
minutes under atmospheric pressme. The vessel was then evacuated and 

’ Barium isocitrate has a negative temperature coefficient of solubility. 

* A mixture of equal volumes of concentrated sulfuric acid and water. 
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heating continued while the sirup began to crystallize. This treatment 
was repeated several times. The mass was twice heated for 15 minutes 
with 250 ml. portions of toluene which was then distilled off in vacuo. 
The residue was transferred to a mortar with the aid of about 60 ml. of 
warm ethyl acetate and was warmed and ground until all had been con- 
verted to a granular solid. This was suspended in 300 ml. of toluene, 
heated to boiling, and chilled overnight. .jUter being filtered, washed 
with toluene, and dried at 100°, the yellowish browm crude product weighed 
96.G gm., sintered at 142°, and melted at 152°.® 

Fractionation of Diastercoisomcrs of Isocilric Lactone — suspension of 
106 gm. of crude lactone in 400 ml. of ethyl acetate was boiled gently for 
30 minutes, chilled overnight, and filtered. The crystalline solid was 
washed with cold solvent and dried at 100°; it weighed 71.8 gm. and melted 
at 162-163°. The product was free from aconitic acid and the melting 
point was unchanged by rccrystallization. 

The mother liquor wa/3 concentrated in vacuo to 75 ml., heated to boil- 
ing, and 50 ml. of hot toluene were added. The crj'stals that separated 
after the solution had been chilled weighed 20.6 gm., and melted at 158°; 
nevertheless titration gave figures that corresponded to pure lactone. 
The material was recrj'stallized from a mi.\ture of 100 ml. of ethyl acetate 
and 50 ml. of toluene, when 17.1 gm. of lactone of melting point 162-163° 
separated. The combined yield .of lactone of this melting point was 88.9 
gm. or 83.8 per cent of the crude material subjected to fractionation; 
analysis,® C 41.38, H 3.60; theoiy for CelisOo, C 41.39, H 3.47 per cent. 

The combined mother liquors wei-e evaporated to 15 ml. and an equal 
volume of ethyl acetate was added. Crystals began to separate after 24 
hours, 8.4 gm. being finally collected. This material also gave titration 
figures that corresponded to those to be expected of pure isocitric lactone, 
but it melted at 118-120°; 7.0 gm. of the preparation were recrystallized 
from a mixture of 50 ml. of hot ethyl acetate and 15 ml. of toluene. The 
oil that began to separate was redissolved by warming the solution after 

‘ The melting point of the crude lactone varied according to the quantity of ethyl 
acetate used in granulating the material, higher melting points being obtained if 
more of this solvent were employed. A series of nineteen preparations (mostly on a 
2 gm. scale) gave melting points in the range U0-160°, although all were found to 
contain at least 98 per cent of lactone. The analysis was carried out upon 100 mg. 
samples, one of which was titrated with 0.1 n alkali to phenolphthalein, a second 
being treated with a known excess of about 10 ml. of 0.1 n alkali and boiled for 10 
minutes before being titrated back with 0.1 n acid. The titration of the preparation 
described showed that 100 mg. contained 99.1 mg. of isocitric lactone. It gave a 
faint positive color test for aconitic acid with acetic anhydride and pyridine. 

‘ Grateful acknowledgment is made to Mr. William Saschek of the Department of 
Biochemistry of the College of Physicians and Surgeons, Columbia University, New 
York, for this and other elementary analyses in this paper. 
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the addition of 3 ml. more of ethyl acetate. Crj'stals then formed slowl}'; 
the 5.2 gm. vhich finally accumulated sintered at 133° and melted at 136- 
138° to a -turbid oU. The product was free from aconitic acid and by 
titration contained 99.9 per cent of lactone. From the mother liquors, 
a further 0.8 gm. of lactone was secured together with 0.037 gm. of crude 
aconitic acid, m.p. 193-194°, and 0.2 .gm. of lactone contaminated with 
aconitic acid. 

The fraction of melting point 136-138° was separated in a total jdeld of 
6.8 per cent from the crude lactone. It was obviously not homogeneous 
but its high content of alloisocitric lactone was confirmed by the prepara- 
tion of the p-bromophenacyl esters. 

p-Bromophenacyl Esters of Isomeric Isocitric Lactones — A solution of 
200 mg. of purified isocitric lactone of melting point 162-163° in 6 ml. 
of water was neutralized to phenolphthalein with 4.1 ml. of 0.56 x lithium 
hydroxide; 65 mg. of p-bromophenacyl bromide dissolved in 10 ml. of 
hot absolute alcohol were added and the mixture was boiled under a reflux 
condenser for 2 hours and then chilled. The product separated in fine 
needles that weighed 417 mg., a yield of 64 per cent, and melted at 189- 
190°. The melting point was unchanged by repeated recrystallization. 
The ester is vei5' slightly soluble in hot absolute alcohol; analysis, C 46.51, 
H 2.99, Br 27.97; theory for C~H«OJBr., C 46.50, H 2.84, Br 28.13 per 
cent. 

When treated in a . simil ar manner, 100 mg. of the fraction of isocitric 
lactone that melted at 136-138° yielded 150 mg. of ester or 46 per cent of 
theorj'. The product was boiled ivith 25 ml. of absolute alcohol and fil- 
tered from an insoluble residue of 38 mg. This residue, when recrystal- 
lized from an ethyl acetate-alcohol mixture, melted at 189-190° and, when 
mixed with an equal quantity of the above derivative of the same melting 
point, showed no depression. The hot alcohol extract when cooled de- 
posited 100 mg. of rosettes of fine needles which melted at 153-154° and 
were imchanged in melting point after four recrystaUizations; analj-sis, 
C 46.42, H 2.96, Br 27.95 per cent. This was accordingly a pure specimen 
of the derivative of dl-aUoisocitric lactone. A mixture in equal propor- 
tions of the purified specimens of the two isomeric derivatives gave at 162° 
a tuibid oil which became clear at 170°. 

Because of the low initial j-ield of these derivatives, it is impossible to 
estimate closelj' the relative proportions of isocitric and alloisocitric lac- 
tone in the fraction that melted at 136-138°. However, of the material 
actually brought to crystallization, it is clear that about two-thirds con- 
sisted of the derivative of the alio variety. 

p-ChloTobenzyl Pscudothiouronium Salts — The salt was prepared essen- 
tially as described by Dewey and Sperry (12) from the lactone that melted 
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at 162-163°, the yield being 73 per cent. Tlie product, after recrystallba- 
tion from water, melted at 167-168°; analysis, C 45.89, H 4.34, Cl 12,05; 
theory for C22H240oN4S2Cl2, C 45.91, H 4.20, Cl 12.32 per cent. • 

The sample rich in alloisocitric lactone gave, under the same circum- 
stances, an oily product that was obtained crystalline with great difficulty 
and in poor ydeld. After recrystallization it also melted at 167-168'’; 
a mixture with the other isomer melted at 160-161°. The derivative was 
unsatisfactory for identification purposes and was not analyzed, 

p-Nitrohemyl Pseitdothiouroniwn Salts — p-Nitrobenzyl pseudothio- 
uronium bromide was prepared according to the directions of Donleavy' 
for the benzyl derivative, and the ester with isocitric lactone of melting 
point 162-163° was obtained, as described by Dewey and Sperry. The 
product separated in a yield of 72 per cent and was recrystallized from 
water. It melted at 153-155°; analysis, C 43.66, H 4.32; theory for 
C 22 H 2 iOioN 6 S 2 , C 44.29, H 4.05 per cent. 

The alloisocitric lactone derivative was not obtained in satisfactorily 
homogeneous condition. 

Toliiidine Sails — ^To 1 gm. of isocitric lactone of melting point 162-163° 
in 40 ml. of dry ethyl acetate was added 0.7 gm. (1 equivalent = 0.62 
gm.) of toluidine in 5 ml. of dry toluene. The salt began to separate within 
2 minutes and 1.15 gm. were collected after the solution had been chilled 
overnight. The mother liquor yielded 0.33 gm. on concentration, a total 
of 90 per cent. After recrystallization from absolute alcohol, it sintered 
at 142° and decomposed at 146-148°; analysis, N 5.00; theory for CijHw- 
OeN, N 4.98 per cent. 

The ditoluidine salt could be obtained either by recrystallizing the 
monotoluidine salt from ethyl acetate in the presence of an excess over a 
second equivalent of base, or from the lactone by employing approxi- 
mately 3 equivalents. It separated in nearly quantitative yield as long 
narrow prisms. The best preparations decomposed near 155° but all 
were somewhat low in nitrogen (c.g, 6.85 instead of the theoretical 7.21 
per cent) and it is doubtful that a homogeneous product was secured, the 
chief contaminant probably being the monosalt. The disalt could be 
recrystallized without decomposition only when e.xcess of base was pres- 
ent. 

The ditoluidine salt of alloisocitric lactone separated slowly and in a 
yield of only 57 per cent under the same conditions. It melted to a turbid 
oil at 133° and decomposed at 140°. This behavior was unchanged after 
recrystallization, but a mixture with the isomeric salt melted at 127° 
and decomposed at 131°. Since the product was not secured in pure form, 
no analysis was made. 

Oxalosuccinic Ester— The procedures of Wislicenus (13) and of Blaise 
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and Gault (14) vere foUoived vith minor modifications, commercial sodium 
methylate being used as condensing reagent. The product, after being 
dried in vacuo, yielded 32.75 per cent of oxalic acid on hydrolysis in alka- 
line solution j theory for CuHisO?, 32.84 per cent. In different prepara- 
tions, the yield ranged from 80 to 87 per cent of crude ester, based on the 
sodium methylate used, and 72 to 78 per cent of ester purified through 
the potassium salt and corrected for the diethyl succinate recovered. 

Triethyl Isocitrate by Method of Wislicenus and Nassauer — ^Repetition of 
the reduction of o.xalosuccinic ester ■with sodium amalgam in aqueous 
suspension according to the conditions advocated by Wislicenus and 
Nassauer gave about 50 per cent of theorj’- of an oil of which only about 
70 per cent was triethyl isocitrate. The low boiling fraction (55-60° at 
3 mm.) was rich in diethyl succinate (identified by means of the dihydra- 
zide of melting point 164-165°). The aqueous solution, after extraction 
with ether, yielded an appreciable quantity of isocitric acid as the barium 
salt. 

As the combined yield was still unsatisfactory, a study of the reduction 
reaction was tmdertaken. The most important modification developed 
was the use of alcohol and water mixtures rather than water as the reac- 
tion medium. This change increased the jneld and eliminated the forma- 
tion of significant quantities of diethyl succinate. However, the formation 
of isocitric acid subsequently isolated from the aqueous phase was again 
obsen'ed, which suggested that saponification of part of the ester may have 
taken place in the faintly acid solution (see (15)). 

The conditions finallj^ adopted were as follows: 25 gm. of o.xalosuccinic 
ester were dissolved in a mixture of 125 ml. of alcohol and 225 ml. of water, 
and 3 per cent sodium amalgam (16) was added at the rate of about 45 
gm. per hour with continuous mechanical shaking until 400 gm. had 
been used. The reaction was maintained at or near pH 5 (Congo paper) 
by the dropwise addition of 18 n sulfuric acid at 15 minute inten'als. 
Shaking was then continued for an additional 6 hours. The following 
morning the solution was adjusted to pH 5 and 10 gm. more of amalgam 
were added. After being shaken for 1 hour, the mixture was alkaline to 
Congo red and acid to litmus. During the entire process, from 12 to 14 
ml. of sidfuric acid had been added. The suspension of sodium sulfate in 
the reaction flask was decanted from the mercury and washed on a furmel 
successively with cold water and nith 50 per cent alcohol. The filtrate 
was concentrated in vacuo and, after the alcohol had been removed, was 
acidified with 2 ml. of 18 x sulfuric acid and extracted with ether. The 
e.xtract gave a faintly positive test with ferric chloride for oxalosuccinic 
ester. This was removed by repeated treatment vith a mixture of 20 
per cent aqueous sodium sulfate solution and 1 x potassium carbonate in 



182 


SYNTHESIS OF ISOCITIHC ACID 


the proportions of 3:2 and used in 25 ml. portions until the wash fluid was 
permanently alkaline. The ether extract was then washed wth 20 per 
cent aqueous sodium sulfate until neutral and was dried with anhydrous 
sodium sulfate. Unchanged oxalosuccinic ester to the extent of 1.1 gni. 
was I’ccovered from the potassium carbonate rvashings. The triethyl 
isocitrate that remained after distillation of the other weighed 15.8 gm., 
a yield of 06 per cent of theory based on ester reduced. 

The aqueous solution that remained after extraction of the ester was 
treated with 2.5 volumes of alcohol and chilled. The sodium sulfate that 
separated was removed and washed with dilute alcohol and the filtrate 
was concentrated in vacuo to 300 ml. To this were added 25 gm. of 
barium hydroxide octahydrate in 100 ml. of hot water and the mixture 
Avas heated on the steam bath for 2 houi's. The barium salt was isolated 
and decomposed and, after concentration of the solution, acidity equiva- 
lent to 3.82 gm. of isocitric acid was found (equivalent to 5.5 gm. of tries- 
tev), indicating that the total yield may have been as great as 89 per cent. 
After esterification, 4.9 gm. of triethyl isocitrate were recovered and added 
to the main fraction. Distillation of the 20.75 gm. of ester gave 2 drops 
at 55° and 4 mm. (presumably diethjd succinate) and 19.06 gm. at 143- 
144° at the same pressure. The distillation residue weighed 0.35 gm. 
Isocitric ester was thus recovered in a yield of 94.7 per cent from the crude 
material and the yield of distilled ester was 82.2 per cent of theor}", based on 
the oxalosuccinic ester actually reduced. In the interests of brevity, this 
material will be referred to as WN ester. 

Isocitric Lactone {Mixture of Isomers from TTA'" Ester) — 18.4 gm. of 
triethyl isocitrate Avere saponified Avith barium hydro.xide and the free 
acid Avas concentrated to a sirup and heated in vacuo for several periods 
amounting in all to nearly 2 hours. The use of toluene to promote de- 
hydration AA'as found inadvisable, since it gave rise to darkening and 
strong color tests for aconitic acid were then obtained. In none of several 
e.\periments AA'as crystallization of the lactone observed, as AA'as invariably 
the case with material obtained by the Fittig method. The product aa'os 
a pale yelloAV and highly viscous sirup and contained 12.9 gm. of isocitric 
acid isomers by titration after hydrolysis of the lactone ring; calculated 
12.8 gm. 

The sirup AA'as dissolved in 35 ml. of hot ethyl acetate, filtered from a 
trace of barium sulfate, concentrated to a sirup, and held over drierite 
in vacuo at 50° for 0 hours, and then chilled. No crystals separated AA'ithin 
2 days. Themass (11.9 gm.) aa^s taken up in 18 ml. of hot ethyl acetate 
and cooled; crystallization then sloAvly began and the solution AA'as diluted 
AA'ith 25 ml. of AV'arm toluene, and chilled. A crop AA'eighing 5.38 gm. and 
melting at 148-149° AA'as separated. On recrj'stallization from 10 ml. 
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of ethyl acetate and 5 ml. of toluene, this yielded 2.95 gm. of crj'stals of 
melting point 162-163° together ivith a second crop of 0.66 gm. of the 
same melting point. A mbcture ndth the entirely similar product obtained 
by the Fittig method melted at the same temperature. A subsequent 
small crop melted af 148°. Further efforts to obtain crystalline material 
from the mother liquors failed in spite of additional dehydration operations. 
It could be concluded, however, that the preparation designated WiS 
ester contained at least 33 per cent of an isomer of isocitric acid identical 
nith the main product of the Fittig and Miller method. 

Titration of the material in the combined mother liquors indicated that 
the dehydration operations had finally been carried too far, inasmuch as 
implausibly high figures for the content of lactone were secured. On the 
assumption that a small proportion of an isocitric anhydride had been 
inadvertently formed the material was saponified nith barium hydroxide, 
recovered as acid, and the lactonization step was repeated; whereupon 
reasonable figures for the lactone content of the sirup were obtained. The 
product weighing 5.4 gm. was dissolved in 5 ml. of hot ethyl acetate. 
Solid material gradually separated and 2.34 gm. (20.7 per cent of the lac- 
tone fractionated) of a product that melted to a turbid oil at 134-137° 
were isolated; titration ^owed this to be 97 per cent pnre lactone. Re- 
ciystallization gave 0.35 gm. of material of melting point 135-138°, which 
showed no depression when mixed with the product of the same melting 
point range obtained by the Fittig method and was found by titration to 
be 100.1 per cent lactone. The p-bromophenacyl ester melted at 157- 
159° but on recrj-stallization melted at 152-154°, and this melting point 
was not changed by four further recrystallizations. RTien mixed rrith an 
equal proportion of the purified derivative of alloisocitric lactone obtained 
by the Fittig method, there was no depression in melting point. 

A second crop of 0.56 gm. of the lactone, secured from the mother 
liquors, gave a p-bromophenacyl ester which melted at 159-160°. On 
recrystallization this melted at 152-153° and was unchanged on further 
reciystaUization. 

It could be concluded that the R'N ester contained an isomer of isocitric 
acid identical with that designated alloisocitric acid and obtained in small 
proportion by the Fittig method, and there was little reason to doubt that 
the proportion present was considerably in excess of the approximately 8 
per cent actually isolated in impure form. 

summjlrt 

The synthesis of isocitric acid by the hydrolysis of trichloromethyl- 
paraconic acid leads to a mixture of two diastereoisomeric forms in rela- 
tive proportions of between 5:1 and 6:1, the racemic modification of the 
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natural optically active acid being the predominating component. This 
method, originally described by Fittig and Miller, has been modified in 
detail with improvement in yield. 

The synthesis of isocitric acid by the reduction of oxalosuccinic ester 
and subsequent hydrolysis, as described by Wislicenus and Nassauer, 
leads to a mixture of isomers in more nearly equal proporfions. The 
separation of this mixture is difficult and unsatisfactorily small yields of 
the lactone of the desired racemic acid were secured in pure form. 

Alloisocitric acid was obtained in small yield from the reaction products 
of both methods but was not .successfully purified as the lactone. Deriva- 
tives of this isomer were shown to differ from the corresponding deriva- 
tives of the racemic modification of the natural acid. 

Several derivatives of both isocitric lactone and of alloisocitric lactone 
have been described. Of these, the p-bromophenacyl esters are useful 
both for characterization and for separation of the isomers. The neutral 
p-toluidine salt of isocitric lactone has potentialities for the large scale 
purification of this substance. Neither the trihydrazido of isocitric acid 
nor any of several pseudothiouronium salts of the lactones proved to be 
advantageous for characterization or for separation of the isomers. 
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Since McCoy, Meyer, and Rose’s (1) discoven' of threonine and its in- 
dispensabUitj' to the animal system, numerous studies in animals and in 
man have been reported on the administration of amino acids derived from 
various sources. Using a complete mrcture of purified amino acids in a 
^•nthetic diet. Rose et al. (2, 3) have shov-n that it is possible to keep dogs 
and human beings in nitrogen equilibrium. Also Madden et al. (4) have 
obtained positive nitrogen balance with hypoproteinemic dogs injected with 
mixtures of the ten essential amino acids. 

Amino acids are normallj’ present in the blood stream. Therefore it is 
to be e.xf)ected that they can be safely administered parenteraUy. In the 
normal animal amino acids are absorbed from the gastrointestinal tract. 
They are circulated in the blood stream and utilized in part for the sjm- 
thesis of body proteins. A complete mixture of amino acids administered 
intravenously should thus be metabolized in the same manner. How- 
ever, in malnutrition and starvation, when pathologic changes have oc- 
curred in the intestinal wall, the administration of amino acids or proteins 
may not be as effective orally as parenteraUy (5). 

Recently investigators (6-15) have studied the parenteral administra- 
tion of hydrolysates and mixtures of pure amino acids. Although bene- 
ficial results were clinically observed, many of the e.xperiments were limited 
to short periods of time. This raises the question of retention of the nitro- 
gen rather than utilization. Also most of the published work has not taken 
into account the excretion of nitrogen in the feces. Some investigators 
used the hydrolysate of proteins as a supplement to the diet. In these 
instances the tdle that such preparations pla 3 ' in the maintenance of nitro- 
gen balance is open to question. Furthermore, in almost all of the above 
studies large amormts of nitrogen were administered. 

The present investigation was undertaken to determine whether or not 
it is possible to maintain nitrogen balance in dogs over a sufficiently long 
period of time on known, low nitrogen intakes bj' (1) the oral administra- 
tion of a complete mixtiue of amino acids produced bj’ the acid hydrolysis 
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of casein, fortified with dMryptophane,' and (2) the parenteral adminis- 
tration of such a preparation. The method for making a sterile, pyrogen- 
free acid hydrolysate of casein has been described elsewhere (16) and the 
quantitative estimation of its indispensable amino acids has been reported 
by Block (17). 


bXPERIMENTAL 

The procedure employed was the same as that used by Rose cl aU 
in their investigation of the utUization of mixtures of purified amino acids. 
Three adult female dogs were used throughout the duration of the experi- 
ment and were kept in individual metabolism cages. Each animal was 
catheterized once daily and the 24 hour urine samples were diluted to a 
standard volume and presented with thymol in the refrigerator. The 
feces were divided into 7 day periods by the use of carmine capsules and 
were kept in acid alcohol. Total nitrogen of the urine and feces was 
determined by the Kjeldahl procedure as modified by Scales and Harrison 
(18). A methylene blue, method red indicator was used in the saturated 
boric acid (19). Creatinine and creatine anal3^ses were carried out by the 
colorimetric methods of Folin (20) with Peters’ (21) modification of time 
factors. Consistent daily creatinine excretion was used to indicate that 
a complete 24 hour urine sample had been obtained. 

The diet presented in Table I is an adaptation of Cowgill's (24). The 
protein fraction of the diet was* omitted and the amino acids were fed 
either bj' stomach tube or by vein. Nitrogen of the food other than that 
furnished by the amino acids amounted to 60 mg. per 100 gm. of diet, of 
which approximately 40 mg. ivere contained in the vitamins. The 20 mg. 
of nitrogen of unknown origin represent less than 2 per cent of the total 
nitrogen intake even though the total nitrogen intake is very low. Thus 
the nitrogen in the diet is substantially derived from the acid hydrolysate 
of casein fortified writh tryptophane. 

At the beginning of each experiment the animal was fed a 6 per cent 
casein diet supplemented with methionine^ for at least 2 weeks. The 
casein and methionine were then replaced by the acid hydrolysate fortified 
with tryptophane for 1 or more weeks. Subsequently this preparation 
was injected either intravenously or intraperitoneally for 7 day periods 
respectively. The remaining portions of the diet were fed orally. Fol- 
lowing the period of parenteral administration, the hydrolysate was again 
fed by stomach tube. Throughout the experiment the dog was given 
approximately 80 calories per kilo of body weight. 

‘ Parenamine, Frederick Stearns and Company Division. 

* Rose, W. C., Kade, C. F., and Lambert, G. F., unpublished data. 

» Courtesy of U. S. Industrial Chemicals, Inc. 
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Resulls 

Since all the animals reacted very similarlj', the complete data for only- 
one dog are given in Table II. The nitrogen balance data are summarized 
in Figs. 1 to 3. 

It can be seen from the data given in Table II that the creatinine ex- 
cretion is constant. This has been noted in aU normal adult dogs studied. 
The creatine e.xcretion, however, is quite variable. The small amount of 
nitrogen in the feces represents a rather large percentage of the total 
nitrogen e.xcreted (15 to 20 per cent). The fecal nitrogen is probably 
close to an irreducible minimum. When no appreciable nitrogen is fed, 


Table I 

Composition of Diet 





Vitamin supplement per 100 gm. 

Sucrose 

calefies 

160 

tm 

40.0 

RibofiA%nn 

r 

600 

Dextrin 

S6 

21.50 

Thiamine HCl 

600 

Methylcellulose 


2.50 

PiTidoxine HCI 

600 

Salt mixture* 


4.00 

Calcium d-pantothenate 

600 

Lard 

177.75 

19.75 



Cod liver oil 

27.00 

3 00 

Nicotinic acid 

6 

Wheat germ oil 

2.25 

0.25 

Choline chloride 

300 

Liver extractf 

Casein hydrolysate forti- 
fied with tryptophane 
(fed separately) 

i 

2S.00 

481.00 

2.00 

93.00 

7.00 

100.00 


1 

I 


Approximately 15.5 gm., per kilo of body weight of the dog, of the protein-free 
diet nere fed. 

• Jones and Foster (22). 

t Conger and Elvehjem (23). Pullers’ earth treatment omitted. 

the feces obtained still contain approximatelj' the same amount of nitrogen. 
The largest animal, receiving more nitrogen, e.xcreted a greater amount in 
the feces, but a slightly lower proportion of the total nitrogen eliminated 
(14 per cent). In no case did the nitrogen in the feces fall below 12 per 
cent of the total nitrogen output. 

The data presented in Table II show that Dog 2 retained nearlj- 20 per 
cent of the nitrogen fed, whereas the others kept 10 to 15 per cent. During 
the week of intraperitoneal injections of Dog 2, only 1.7 per cent of the 
nitrogen administered was held (Fig. 1). However, during all the other 
parenteral feedings, at least 15 per cent of the nitrogen was not excreted. 
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■which is approximately the same as ■when the amino acids are fed orally. 
As was anticipated, the dogs slowly gained weight. While there are days 



Fig. 1. Dog 2, 4.9 kilos. I^itrogcn balance with an acid hydrolysate of casein 
fortified with tryptophane as the sole souree of amino acids. Nitrogen intake 1125 
mg. per day «= 230 mg. of nitrogen per kilo of body weight. Days 1 to 14, oral ad- 
ministration; days 15 to 21, intraperitoneal administration; days 22 to 28, oral ad- 
ministration. 



Fig. 2. Dog 3, 10.3 kilos. Nitrogen balance with an acid hydrolysate of casein 
fortified with tryptophane as the sole source of amino acids. Nitrogen intake 3850 
mg. per day = 236 mg. of nitrogen per kilo of body weight. Days 1 to 21, oral ad- 
ministration; days 22 to 28, intravenous administration; days 29 to 35, oral adminis- 
tration. 



Fig. 3. Dog 1, 5.6 kilos. Nitrogen balance with an acid hydrolysate of casein 
fortified with tryptophane as the sole source of amino acids. Nitrogen intake 1200 
mg. per day == 214 mg. of nitrogen per kilo of body weight. Days 1 to 14, oral ad- 
ministration; days 15 to 21, intravenous administration; days 22 to 28, oral adminis- 
tration, 

of negative nitrogen balance, these are the usual variations one obtains 
■with normal adult animals, and the over-all picture is one of good positive 
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balance. Figs. 1 to 3 show that good positive nitrogen balance has been 
maintained in eveiy dog used, with the acid hydrolysate of casein, to which 


Table II 


Nitrogen Balance with Casein Hydrolysate Fortified with Tryptophane .4s Sole Source 

of Amino Acids 


Dog 2. 


Amino acids fed 
(total N intake, 
1000 mg ) 

Date 

Body 

weight 

Urine N 



Fecal N* 

Total X 
oatpnt 

X balance 



tg. 

mg. 

mg. 

mg. 

cf. 

mg. 

mg. 

Orally 

Mar. 14 

5.3 

676 

32 

16 

142 

818 

+182 

“ 15 

5.3 


32 

14 

142 

847 

+153 


“ 16 

5.4 

648 

32 

6 

142 

790 

+210 


“ 17 

5.4 

655 

31 

mm 

142 

797 

+203 


•• 18 

5 4 

675 

32 


142 

817 

+183 


“ 19 

5.4 

633 

31 

WM 

142 

775 

+225 


“ 20 

5.4 

728 

32 


142 

870 

+130 

Total . 




222 

52 

994 

5714 

+1286 

Average 


5.4 

674 

32 

7 

142 

816 

+184 

Intravenously 

Mar 21 

5 4 

766 

32 

10 

125 

891 

+109 


“ 22 

5 4 

870 

31 

14 

125 

995 

+S 


“ 23 

5 3 

583 

34 

3 

125 

70S 

+292 


“ 24 

5.4 

615 

31 

3 

125 

740 

+260 


“ 25 

5 3 

644 

32 

3 

125 

769 

+231 


“ 26 

5 3 

635 

34 

3 

125 

760 

+240 


“ 27 

5 3 

676 

33 

2 

125 

801 

+199 

Total 



4789 

227 

38 

875 

5664 

+1336 

-Average 



684 

32 

5 

125 

809 

+191 

Orally 

Mar. 28 


512 

33 

2 

158 

670 

+330 


“ 29 


571 

33 

2 

158 

729 

+271 


“ 30 

5 4 

631 

33 

3 

158 

789 

+211 


" 31 

5 5 

823 

35 

2 

158 

981 

+19 


-Apr 1 

5.4 

615 

33 

4 

158 

773 

+227 


“ 2 

5 4 

548 

34 

2 

158 

806 

+194 


“ 3 

5 4 

666 

31 

5 

158 

824 

+176 

Total 



4466 

232 

20 

1106 

5572 

+1428 

Average 


5.4 

638 

33 

3 

158 

796 

+204 


•The total fecal nitrogen was determined once for each period; thus the dailj" 
figures are averages, which accounts for their uniformity. 


1 per cent of trj’ptophane has been added, as the sole source of amino 
acids. The nitrogen intakes are near minimal and were chosen because of 
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the practical importance of maintaining balance ;vith the least amount of 
fluid administration. It is possible to obtain much larger nitrogen reten- 
tion for short periods at high nitrogen intakes, but in view of the clinical 
conditions which must normally be met low levels of nitrogen intake were 
used. 


SUMMARY 

Three different dogs have been maintained for 21 to 35 days in positive 
nitrogen balance by the administration of purified diets wherein practically 
the sole source of nitrogen was derived from an acid hydrolysate of casein 
fortified •with tryptophane. The preparation was given both orally and 
parenterally to supply a nitrogen intake of appro-vimately’ 200 mg. per 
kilo of body weight. 
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THE ACTHTTY OF dZ-OXYBIOUK FOR THE RAT* 


Bt a. E. AXELROD, FRANCIS J. PELGRIM, a.sd KLAUS HOFMANN 

(From the Institute of Pathology, fVestern Pennsylrania Hospital, and the 
Department of Chemistry, University of Pittsburgh, Pittsburgh) 

(Received for publication, January IS, 1946) 

The total sjuthesis of a compound, differing structmrallj' from biotin 
only in the replacement of the sulfur by oxygen, has been described (2). 
This oxygen analogue of biotin has been named oxj-biotm, both because of 
its structural relationship to biotin and its ability to replace this substance 
as an essential metabolite for various species of microorganisms and higher 
animals. The present paper is one of a series relating to the biological 
activity of dZ-oxybiotin (1, 3-6) and is concerned with the relative effective- 
ness of d-biotin and dZ-oxybiotin in the cure of egg white injury' in the rat. 

EXPERIMENTAL 

Two independent experiments, designated as Series I and II, were con- 
ducted. Each series consisted of thirty male, 26 day-old, albino rats 
(Sprague-Dawley), weighing 40 to 50 gm. The animals were housed in 
individual cages with i\ide mesh screen bottoms. Biotin deficiency was 
induced by feeding ad libilum purified diets containing commercial dried 
egg white (7). The composition of the diets employed in Series I and II is 
given in Table I. The B complex vitamins' were fed daily in supplement 
dishes at the follomng levels: thiamine hydrochloride 30 y, pyrido.xine 
hydrochloride 30 y, riboflavin 30 y, nicotinic acid 250 y, calcium panto- 
thenate 200 y, choline chloride 10 mg., and j-inositol 3 mg. 1 drop of hali- 
ver oil containing 1.3 mg. of added dl-a-tocopberol acetate and 0,8 mg. of 
added 2-methyl-l,4-naphthoqumone was given weekly to each rat. 

Growth of the animals ceased after 7 weeks in Series I, and 5 weeks in 
Series II. A weight plateau was maintained during the succeeding 2 weeks 
in each series. The administration of the test substances was then begun. 
At this time, the average weight of the rats in Series I was 150 gm., while 
that in Series II was 148 gm. Marked symptoms of biotin deficiency' 
characterized by' cheilosis, spectacled eye, dermatitis, and alopecia were 
e4'ident. 

For the therapeutic studies, the animals in each series were divided into 
six groups (five rats per group) of similar average weight and sev'erity of the 
skin lesions. d-Biotin,dZ-oxybiotin, or phy'siological saline was administered 

•A preliminarj’ account of this work has been reported (1). Contribution Xo. 
5S3 frotn the Department of Chemistry, University of Pittsburgh, 

^ We are indebted to Merck and Company, Inc., for the synthetic vitamins. 
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ACTIVITY OF OXYBIOTIN 


Tabu; 1 


Composilion nf Diels (Gm. per iOO Gm. of Did) 


Component 

Scries I 

Series II 

Sucrose 

7C 

74 

“Vitamin-free” casein (Labco) 

8 


Dried egg white* 

10 

20 

Salts 4 (8) 

4 

4 

Corn oil 

2 

2 


* The batches of egg wliitc employed in Scries I and II were purchased from two 
commercial sources. 


Table II 

Comparison of Activities of d-Biotin and dl-Oxybiolin 



14 day curative period 

28-diy curative period 

Group* 

Average change 1 
in weigh tf 

Per cent activity 
of d/“Oxybioiin i 
(d*biotin I 
« 100)J 1 

Average change 
in weight! 

Per cent activity 
of <f/-f>io^biotin 
(ff-Wtin 
« I00)J 


Series I 





tm. 


Negative control 

-3 




0.1 T of d-biotin 

■flS 


+35 


0.2 “ “ “ 

•4-32 


+60 


0.4 “ “ “ § 

-1-43 


+77 


0.2 " “ df-oxybiotin 

-3 




f\ 4 << <« ti 

-2 




2.0 “ “ “ 

-1-21 

0.0 

+37 

5.3 


Series II 



0.1 7 of d-biotin 

-1-19 


+34 


0.2 “ “ “ 

+32 


+50 


1.0 “ “ “ 

+58 


+98 


2.0 “ “ df-o.xybiotin 

+17 

4.5 

+25 

3.8 

4 n “ '' 

+25 

3.7 

+44 

4.1 

20.0 “ " “ 

+44 

2.9 

+72 

2.9 







* The dosages are e.xpressed in terms of the daily supplementation. 

t Total weight changes over the designated time interval are given. 

1 The potency of o.vybiotin in terms of biotin activity was determined from cali- 
bration curves made by plotting growth responses to d-biotin at both the 14 and 2S 
day periods against the graded amounts of d-biotin. All calculations werfe made on 
a weight basis. 

§ These animals served previously as the negative controls. 

by subcutaneous injection, as shora in Table II. Biotin and oxy- 
biotin were prepared in physiological saline at concentrations furnishing the 
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requisite daily supplementation per cc. of solution. 1 cc. of physiological 
saline was administered daily to the negative control group of Series I. 
The animals continued to receive the egg white-containing diets during the 
curative assay period. In Series I, the negative control group and the 
groups receiving 0.2 7 and 0.4 7 of dZ-oxj'biotin were given treatment for 2 
weeks. In all other groups of both series the test substances were admin- 
istered for 28 days. 


Results 

The growth responses to d-biotin and dZ-o.vybiotin are summarized in 
Table II. With growth stimulation as the criterion, the acti\’ities of dl- 
oxybiotin compared to that of d-biotin and expressed on a percentage basis 
varied from 2.9 to 6.0 per cent. The average activity was 4 per cent. 
Approximately the same results were obtained in both the 14 day and 28 
day assays. The lowest acthity ratio was obtained at the highest level of 
oxj’biotin (20 7 ) and was partially due to the lag in growth response to this 
level of oxybiotin noted during the earl 5 '’ phase of the curative test period. 
A similar lag was not obsen'ed when 1.0 7 of d-biotin was administered. 

The rate and extent of cure of the skin lesions were proportional to the 
dosages of biotin and oxj-biotin. Complete cure was effected in 28 days by 
the daily administration of 1.0 7 of d-biotin or 20 7 of dZ-oxj-biotin. The 
relative activities of biotin and oxybiotin udth respect to cure of the lesions 
were comparable to those based upon the growth responses. 

discussion 

The experiments recorded in this paper demonstrate that dZ-o.xybiotin 
is a therapeutic agent for egg white injury in the rat. With regard to its 
ability to promote growth, dZ-oxj'biotin is 4 per cent as effective as d-biotin. 
Similarly, dZ-oxybiotin is less active than d-biotin in the cure of the skin 
lesions. However, it should be noted that dZ-oxybiotin is capable of com- 
pletely allexuating the skin sjTnptoms. The few cases of spastic paralysis 
of the hind legs observed in these studies were also completely cured bj' 
dZ-oxj'biotin. Thus, the curative action of a sufficient dosage of dZ-oxj'biotin 
upon the skin lesions and the spasticity of the hind legs is indistinguishable 
from that of d-biotin. Comparable actmty in the rat for a compound 
apparently similar to dZ-oxj-biotin has been observed by Rubin et al. (9). 
It is of interest that dZ-oxj-biotin is 17 per cent as active as d-biotin for the 
chick ( 6 ). For various species of microorganisms, the actbdties of dZ- 
oxybiotin range from 15 to 50 per cent that uf d-biotin (4, 9). 

In all of the studies to date, an optically inactive form of o.xybiotin has 
been employed. It appears likely, in analogy with dZ-biotin (10), that only 
one of the enantiomorphs of dZ-oxybiotin is biologically active. If such is 
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the case, the activities of the biologicall}’’ active enantiomorph would be 
t^vice the values reported for dZ-oxybiotin. 

Of the various derivatives of biotin tested for biological activity in higher 
animals (11-13), oxybiotin is the only compound possessing activity com- 
parable to that of biotin. Thus dZ-oxybiotin affords a unique example of 
the ability to effect a substitution in the ring structure of a vitamin and 
still retain considerable biological activity. 

The question of the mechanism of action of oxj'biotin presents itself. 
Can ox 3 'biotin replace biotin in the metabolism of the rat or does oxybiotin 
function merely as a precursor substance for biotin? At the present, this 
question must remain unanswered. Balance studies now in progress may 
serve to clarify this problem. 


SUMMARY 

The activity of dZ-oxj'biotin in the cure of egg white injurj" in the rat has 
been determined. With growth response as a criterion in either a 14 or 
28 day curative assay procedure, dZ-o.xybiotin was found to possess 4 per 
cent of the activity of d-biotin. Complete cure of the skin lesions was 
effected by the daily administration of 20 y of dZ-oxj’^biotin for 28 days. 
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THE POSITION OF THE HIGHER FATTY ALDEHYDES IN 
FATTY ACID METABOLISM OF RAT MUSCLE* 

Bt GABRIELE EHRLICH and HEINRICH WAELSCH 

(From the Departments of Biochemistry, New York State Psychiatric Institute and 

Hospital and the College of Physicians and Surgeons, Columbia Unirersity, 

New York) 

(Received for publication, Januarj* 7, 19-16) 

Two sets of experiments were designed to determine the role of the higher 
fatty aldehydes in the metabolism of their closest structural relatives, the 
fatty acids. Adult male rats on a low fat diet (a) were maintained on a 
heavy water r^ime or (b) were fed fat containing deuterium. In both 
groups of e.xperiments the rats were killed after different time inten’als and 
the deuterium content of the higher fatty aldehydes and of the fatty acids 
in different lipid fractions of the muscle was determined. 

The experiments were carried out on skinned, eiiscerated, and decapi- 
tated carcass, since the lipid fraction of muscle contains, next to brain, the 
highest concentration of the higher fatty aldehydes of all organs studied. 
A previous investigation (1) made available a relatively simple technique 
for isolation of the higher fatty aldehydes as p-carbcxj-phenylbydrazones 
from small amotints of tissue. This procedure has now been modified for 
routine use. 

It has been found that large amounts of lipids may retain the acidic h 3 '- 
drazones in the organic solvent. By a short alkaline hj'drolysis of the lipid 
emulsion prior to the liberation of the aldehydes by acid enough of the lipids 
is saponified to make the isolation of the hydrazones possible in practicallj* 
every experiment. This modification has not been successful in the routine 
isolation of the aldehj'des from brain tissue. 

In the isolation procedure the higher fatty aldehj'des are e.xposed to action 
of strong alkali and acid. It appeared unlikely from data on fatty acids (2) 
that such a treatment would labilize anj”- deuterium bound to the carbon 
chain. Since aldehydes in their naturallj- occurring form (acetal phospha- 
tides) containing deuterium are not available, the uptake of deuterium by 
aldehydes was studied on a lipid emulsion obtained from rat muscle and 
treated 'with alkali and acid in the presence of hea^•J' water. It was found 
that approximately 1 per cent of the hy^drogen atoms of the fatty aldehj-des 
was exchanged during the isolation procedure. The correction resulting 
from an e.xchange of this magnitude is too small to affect the interpretation 
of the results. 

* The higher fatty aldehydes. III. This study was supported by a grant from the 
Josiah Macy, Jr., Foundation. 
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HIGHEn PATTY ALDEHYDES 


Admmislralion of Heavy Water — ^If the higher fatty aldehydes are inter- 
mediates in the synthesis of the fatty acids, representing e.g. the last stage 
of an aldol condensation (3), they should contain a higher concentration of 
deuterium than the fatty acids if the synthetic processes take place in ani- 
mals, the body ■water of "which is enriched •with heavy water. It is immate- 
rial whether muscle or some other organ is the site of synthesis because the 
synthesized aldehydes would be transferred from the organ of synthesis to 
the muscle and the final oxidation to the fatty acid would take place in this 
organ . Since the conversion from aldehyde to acid involves only the termi- 
nal aldehyde group, it may be assumed that no metabolic labilization and 


Table I 

Deulcrium in Higher Fallij Aldehydes and Fatly Acids of Mxtsclc of 
Rats Given Heavy Water 




Dura- 
tion of ; 
experi- 
ment 


Deuterium in 

Hydrogen from body fluids 
in 

Etperi- 
TBcnt 
Xo. j 

Ko.ot 

rats 

DiO in 
iKidy 

Higher 
fatty al- 
dehydes 

Fatty acids 

Higher 

Fatty acids 


Total 

Phos- 

phatidcs 

Neutral 

fat 

fatty 

alde- 

hydes 

Total 

Phos- 

pha- 

tides 

Neutral 

fat 



da^s 

atom 
pet cent 

al&m 
per cent 

atom 
per cent 

atom 
per cent 

atom 

percent 

percent 

percent 

per cent 

fir ctnl 

1 

4 

0.7 

5.0 

0.03 




0.6 





2 


5.0 



0.15 

0.13 


• 

3.0 


2 

10 

6 


O.OGG 




8.0 

14.5 



3 

8 

6 

1.54 

0.11 




7.0 

8.5 




2 


1.54 


■1 

0.13t 




8.6 



* Iodine No. 79; unsaturated fatty acids 0.08 atom per cent deuterium, 
t Iodine No. 83; unsaturated fatty acids O.OS atom per cent deuterium, saturated 
fatty acids 0.17 atom per cent deuterium, 
t Iodine No. 134. 

loss of deuterium would occur during this step . In Table I are recorded the 
results of three experiments, one of 18 hours and two of 6 days’ duration. 
In all three experiments the higher fatty aldehj^des contained less deuterium 
than either the total fatty acids or the fatty acids isolated from phosphatides 
or from neutral fat. This finding contraindicates any simple relationship 
between the synthesis of the aldehydes and of the fatty acids, particularly 
since the aldehydes seem to correspond to the saturated fatty acids of chain 
length Ci6 or Cis- In such experiments the saturated fatty acids will con- 
tain a higher concentration of deuterium than that of the total fatty acids 
of any lipid fraction (4, 5). The unsaturated fatty acids in Experiments 2 
and 3 contained a deuterium concentration corresponding to 64 per cent of 
that found in the total fatty acids. The saturated fatty acids, therefore. 
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contained a deuterium concentration considerably higher than that of the 
total fatty acids and probably about twice that found in the unsaturated 
fatty acids. The difference in deuterium concentration between the alde- 
hj'des and the saturated fatty acids is therefore still more marked. The 
close proximity of the deuterium concentrations of unsaturated fatty acids 
and aldehydes appears at this stage of the investigation to be purely acci- 
dental, since the unsaturated fatty acids include essential fatty acids which 
contain very little deuterium (4, 5). 

The e.xperiments ndth hea\-y water administration appear to yield infor- 
mation on the metabolism and the turnover of the fatty acids of muscles 
hitherto not obtained with this technique. The phosphatide fatty acids 
contain a slightly higher deuterium concentration than the fatt 3 ' acids de- 
rived from neutral fat, as may be seen from the direct determinations of Kx- 
periment 1. This finding is in keeping with the \’iew that the phosphatides 
are active intermediates in fattj-acid metabolism (6, 7). The higher pro- 
portion of unsaturated fatty acids in the phosphatides (compare iodine 
numbers in Experiment 3) than in the total fat, and therefore in the neutral 
fat fraction, makes the difference in deuterimn concentration in the 
saturated fatty acids still larger than that expressed by the analj^ical data. 

In previous experiments carried out under the same conditions it was 
found that the liver fatty acids contain a higher deuterium concentration 
than the fatty acids of intestine, carcass, or brain (8). The values were in 
agreement ndth the ^dew that the liver fattj' acids of rats (6) and mice (9) 
are half replaced in less than 1 day. In experiments of 6 days’ duration the 
deuterium concentration in the carcass fatty acids, which comprised those 
from skin, muscle, and skeleton, amounted to about 30 per cent of that 
found in the liver. The percentage of hydrogen derived from body water 
in the fatty acids of muscle, as reported in this paper, is similar to that pre- 
■\’iously found for carcass. This result suggests that the rate of replacement 
and turnover of newly sjTithesized fatty acids is about the same in muscle 
as in the e\Tscerated and decapitated carcass (8), and is considerably 
slower in muscle than in liver if it is assumed that there is no larger influx of 
fatty acids from the stores into the muscle than into the liver. 

In the previous experiments (8) the surprising obsen'ation was made that 
the unsaponifiable material from decapitated and e\Tscerated carcass con- 
tained a percentage of hj-drogen derived from body water higher than that 
of the unsaponifiable constituents of any other organ studied (liver, intes- 
tine, brain) and also higher than that derived from body water in the fatty 
acids of the carcass. In the two experiments of 6 daj's’ duration reported 
in Table I the unsaponifiable material from the muscle was prepared and 
analyzed for its deuterium concentration. The percentages of hydrogen 
derived from body fluids were 12 per cent (0.10 atom per cent deuterium) 
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and 6 per cent (0.09 atom per cent deuterium) respectively. These 
values are appro.'dmatel}’- one-Jialf of those of the carcass and are in the 
range of the figures found previously for the unsaponifiable lipids of liver 
and intestine. The high metabolic activity of the unsaponifiable material 
of the carcass appears to be restricted to the skin, since it cannot be ac- 
counted for bj’’ muscle. 

Administration of Fat Containing Deuterium — The experiments in which 
heavy water w’as administered to rats show that the higher fatty aldehydes 
are not involved in the over-all synthesis or transport of fatty acids and are 
in accord with the possibility that fatty acids and aldehydes are synthe- 
sized by different pathways in the animal organism. A metabolic relation- 
ship between higher fatty aldehydes and fatty acids is, on the other hand, 


Table II 

Distribution of Deuterium in Higher Fatty Aldehydes and Fatty Acids of Muscle of Rais 
after Administration of Fat containing Deuterium 





Deuterium in 1 

Administered fatty acids in 

Experi- 

No. of 

Dura- 
tion of 
experi- 
ment 

Higher 
fatty al- 
dehydes 

1 Fatty acids i 

Higher 
fatty al- 
dehydes 

1 Fatty acids 

No. 

rats 

Satu- 

rated 

(total) 

Phos- 
1 phatides 

Neutral 

fat 

Satu- 

rated 

(total) 

Phos- 

phatides 

Neutral 

fat 

1 


hrs. 

atom 
per cent 

atom 
per cent 

atom 

percent 

atom 1 
per cent 

per cent 

percent 

percent ' 

percent 

1* 

4 

8 





0.23 


1 


i 

2 




0.09 

0.06 

1 


1.6 

1.1 

2t 

6 

16 , 





0.34 

0.9 




* 1.5 ml. of linseed oil (fatty acids 5.7 atom per cent deuterium), 
t 0.7 to 1.0 ml. of linseed oil (fatty acids 6.45 atom per cent deuterium). 


indicated by the experiments in which fat containing deuterium was admin- 
istered to rats (Table II). In both experiments the higher fatty aldehydes 
contained a concentration of deuterium which, though small, was appreci- 
able when compared with that found in the fatty acids and higher than that 
present in the body water (less than 0.01 atom per cent) . In the experiment 
of 8 hours’ duration the amount of fatty acids derived from the administered 
fat and converted into aldehydes amounted to 15 to 20 per cent of the con- 
centration found in the fatty acid fractions. In the e.xperiment of 16 hours’ 
duration this value amounted to 40 per cent on the basis of the deuterium 
concentration determined in the saturated fatty acids. These findings 
suggest the ability of the animal body to reduce the fatty acids to the corre- 
sponding aldehydes. Whether the aldehydes are intermediates in the meta- 
bolicaUy reversible conversion of fatty alcohols to fatty acids, as discussed 
previously (10, 11), is under investigation at present. 
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The results obtained in both types of ejqjeriments show that the higher 
fatty aldehydes are not main intermediates in the synthesis or transport of 
fatty acids, but take part in some special aspect of fatty acid metabolism. 

Approximately the same percentage of administered fatty acids was 
present -in the muscle fattj' acids as was found previously in e.xperiments of 
the same type (12) in the fatty acids of the e\Tscerated and decapitated 
carcass. The results suggest that the main source of fatty acids in muscle, 
as in eviscerated carcass, is not ssmthesis of fatty acids in the organ itself 
but transfer from other organs to the muscle. 

In the experiments in which labeled fat was given to the animals the 
phosphatides and neutral fat of the liver were separated. 15 per cent of 
phosphatide fatty acids (0.87 atom per cent deuterium) in the 8 hour experi- 
ment was derived from the administered fat; i.e., 10 times more than was 
found in phosphatides of the muscle. In the 16 hour experiment 8.4 per 
cent (0.54 atom per cent) of the phosphatide fatty acids and 4.2 per cent 
(0.26 atom per cent) of the neutral fat fatty acids were derived from the 
administered fat; the concentrations are at least 10 times those found in 
the total fatty acids of the muscle. The finding of a higher percentage of 
administered fatty acids in the phosphatides than in the neutral fat con- 
firms the high metabolic actinty of the phosphatides (6). 

EXPEKIMENT.U. 

Preparation of Labeled Fat — ^The fat was prepared by hydrogenating lin- 
seed oil with deuterium in the apparatus of Rittenberg and Schoenheimer 
(13). Two preparations were used containing 5.7 and 6.45 atom per cent 
deuterium respective!}' in the fatty acids. 

Animal Experiments — In each experiment six to ten male rats weighing 
180 to 220 gm. were kept for at least 8 days on a low fat diet (12). The ad- 
ministration of the labeled fat or the deuterium oxide was not started until 
the animals had overcome the initial drop in weight. Enough 99.9 per cent 
deuterium oxide (Experiment 1, Table I) or water containing 50 per cent 
deuterium oxide (Experiments 2 and 3, Table I) to bring the body fluids to 
the calculated concentration of 5 or 1.5 atom per cent respectively was in- 
jected into the animals. The drinking water contained 12.5 or 2.5 atom 
per cent deuterium respectively. The labeled fat was administered by 
stomach tube. 

The animals were killed by decapitation and muscles together with the 
bones were minced in a meat grinder. The muscles were not removed from 
the bones, in order to obtain a maximal amount of muscle and to shorten 
the time inteiwal between death of the animal and e.xtraction of lipids. 
Therefore, all our lipid fractions are contaminated with lipid material origi- 
nating from bone marrow. 
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Isolalion of Higher Fatly Aldehydes as p-Carboxtyphcnylhjdrazones—lhe 
procedure lias already been published in detail (1). Tivo modifications 
were introduced: (a) alkaline hydrotysis of the lipid emulsion and (b) addi- 
tion of stearic acid at the proper step to avoid the contamination of the 
aldehydes with labeled fatt}' acids. 

The muscle hash from four to ten rats is extracted exhaustively (seven 
times) with boiling 95 per cent ethanol. After removal of the alcohol in 
vacuo the remaining aqueous emulsion is made alkaline by the addition of 
10 ml. of 30 per cent KOH per 100 ml. and is kept at 100-105° for 1 hour. 
A hydrolysis with alkali and of shorter duration was used by Feulgen and 
Bersin (3) in the preparation of acetal phosphatides. 

When cold, the emulsion is acidified with 2 n sulfuric acid with Congo 
red as an indicator. For the liberation of the aldehj’-des the mixture is kept 
at 37° for 4 hours. The emulsion is distributed between ether and a 4 per 
cent solution of potassium carbonate and the ether solution is repeatedly 
extracted with potassium carbonate solution to remove all the free fatty 
acids. The extracted fatty acids represent part of the total fatty acids 
(Fraction A). When the carbonate solution shows only a faint cloudiness 
after acidification 1 gm. of stearic acid is dissolved in the ether solution and 
removed bj' extraction with carbonate. By this “washing out procedure” 
the last traces of labeled fatty acids are removed and diluted down to an 
insignificant deuterium concentration. The carbonate extract containing 
mainly the added stearic acid is discarded. The ethereal solution is washed 
with water, dried over sodium sulfate, and the ether removed. The coup- 
ling of the free aldeh3^de with p-carbox3q7henylh3’'drazine in alcoholic solu- 
tion is carried out as described previously (1). The alcoholic solution is 
distributed between ether and a 4 per cent solution of potassium carbonate; 
the acid hydrazone is extracted from the ethereal solution with the carbon- 
ate solution and is isolated and recrystaUized as described. The ethereal 
solution contains the lipids not saponified b3^ the alkaline treatment and the 
unsaponifiable material and represents Fraction B of the total fatty acids. 

The melting points of the p-carbox3'phen3dhydrazones varied from 88-96° 
(Fisher-Johns melting point apparatus) and the analyses gave the following 
values ; found, C 74.2 to 74.5, H 10.2 to 10.5;* calculated for CaaHasOjNs, C 
73.7, H 10.2; for C25H12O2N2, C 74.3, H 10.5. 

Exchange of Hydrogen of Higher Fatty Aldehydes during Isolation Pro- 
cedure — To 144 ml. of lipid emulsion prepared from the muscles of six rats, 
16 ml. of 99.9 atom per cent heavy water and 5.8 gm. of KOH were added. 
The mixture was kept at 105° for 1 hour. When cold, the solution was 
acidified with approximately 60 ml. of 2 n H 2SO4 and the isolation of the 
aldehydes was carried out as described. The p-carboxyphenylhydrazone 

' We are indebted to Mr. W. Saschek for the analyses. 
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contained 0.1 atom per cent deuterium. In another experiment the lipid 
emulsion during saponification contained 5 per cent of heavywater. 0.03 
atom per cent deuterium was found in the hydrazone. 

The e.xperiments show that about 1 per cent of the hydrogen atoms of the 
aldehydes is exchanged during the isolation procedure. 

Separation of Lipids; Total Fatly Acids — The fatty acids contained in the 
potassium carbonate solution (Fraction A) were e.xtracted with ether after 
acidification and combined with Fraction B. The ether was removed and 
the residue was saponified by refluxing ■with alcoholic potassium hydroxide. 
The alcoholic solution was distributed between petroleum ether and water; 
fatty acids and unsaponifiable lipids were separated and prepared for 
analysis in the usual manner (12). 

Phosphalides and Neutral Fat — ^Phosphatides and neutral fat were sepa- 
rated by the methods of Bloor (14) and Sinclair (15) from the muscle hash 
of two rats. The phosphatides were twice precipitated -with acetone -with 
the addition of an alcoholic solution of magnesium chloride. Phosphatides 
and neutral fat present in the supernatant liquid from the acetone precipita- 
tion were saponified -nith alcoholic potassium hydroxide and the fatty acids 
of both fractions isolated. For the separation of phosphatides and neutral 
fat from liver the organs of aU animals in the experiment were used. 

In the separation of saturated and unsaturated fatty acids the procedure 
of TwicheU (16) was followed. The iodine numbers were determined by 
the method of Rosenmund and Kuhnhenn, as modified by Yasuda (17). 

Determination of Deuterium — The deuterium content of the different fatty 
acid fractions was determined by the method of Keston, Rittenberg, and 
Schoenheimer (18). The deuterium content of the p-carboxj’phenylhydra- 
zones of the higher fatty aldehydes was determined by an unpublished 
micromethod developed by Rittenberg. We are highly indebted to Dr. 
Rittenberg and Mr. Sucher for the determinations. 

SUMMARY 

A modification of the pre'S'iously reported procedure for isolation of the 
higher fatty aldehydes as p-carboxj’phenylhydrazones is described. By 
this technique it is possible to isolate routineh- the aldehj-des from the 
muscles of a small number of rats- 

The deuterium concentration of the higher fatty aldehydes, fatty acids 
of different lipid fractions, and unsaponifiable material of muscle of rats was 
determined after periods of 18 hours and 6 days respectivelj', during which 
the body fluids were enriched ■with deuterium through the administration 
of hea^y water. In a second set of experiments the deuterium concentra- 
tion was determined in the same components of the muscle lipids 8 and 16 
hours after the administration of a single dose of fat labeled with deuterium. 
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In both types of experiments the higher fatty aldehydes contained appre- 
ciable amounts of deuterium, but invariably less than was present in the 
fatty acid fractions. This result indicates that the higher fatty aldehydes 
are not involved in the over-all synthesis or transport of fatty acids but are 
concerned with some special aspect of fatty acid metabolism. In both sets 
of experiments the rate of turnover of the muscle fatty acids corresponded 
roughly to that previously found for the fatty acids of the decapitated and 
eviscerated carcass. 

The unsaponifiable lipids isolated from muscle of rats, the body water of 
Avhich was enriched with heavy water, contained much less deuterium than 
those isolated from carcass previously under the same experimental condi- 
tions. The high metabolic activity of the unsaponifiable material of carcass 
appears to be restricted to the skin, since it cannot be accounted for by 
muscle. 

The fatty acid fraction of the phosphatides of muscle and of liver showed 
a higher deuterium concentration than the fatty acids of neutral fat of the 
same organ. 
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THE NITROGEN :METAB0LISM OF RAT TISSUE SLICES UNDER 
VARIOUS CONDITIONS 
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(From the Departments of Physiology and Pharmacology and of Biochemistry, 
Duke University School of Medicine, Durham, North Carolina) 

(Received for publication, January 7, 1946) 

TMien tissues are ground up and incubated asepticaUy, autolysis occurs 
and the proteolidic enzjmes in the cell are considered responsible. It 
is assumed that after the death of an animal and while the cell structures 
are still intact shnDar autolj-tic action occurs. It is not, however, known 
whether autolysis begins immediately after death with the establishment 
of anaerobic conditions. It is possible that other changes in nitrogen 
metabolism and distribution precede autolysis. In order to investigate 
this possibility the changes in nitrogen metabolism of tissue slices during 
3 or 4 hours post mortem were studied imder various conditions and, in 
particular, the effects of anaerobiosis. It soon became eiddent that some 
of the changes obsen’ed under the conditions of the experiments could 
not be attributed to the result of autolytic action. 

EXPERIMEXT.U, 

200 gm. rats were killed by decapitation. The tissues were immediately 
removed and sliced as rapidly as possible in Krebs’ bicarbonate solution. 
Before transfer into the experimental vessels the slices were w'ashed in 
fresh solution and blotted on filter paper before weighing. 300 mg. of 
tissue (wet weight) were placed in each 50 cc. Erlenmeyer flask containing 
4.0 cc. of solution which was incubated at 37° vith either 95 per cent 
O 2 and 5 per cent COi, or 95 per cent N- and 5 per cent COj. The anaerobic 
condition produced by the latter mixture was sufficient to prevent the 
oxidation of p-phenylenediamine; i.e., the cjinchrome O-xida:^ system was 
completely inactive. The procedure for analj'sis was as follows. An 
aliquot was removed for the determination of total nitrogen by the micro- 
Kjeldahl technique. To the remainder, including the slices, 1.0 cc. of 
20 per cent trichloroacetic acid was added. The solution with the pre- 
cipitated protein was poured off from the slices and centrifuged. .An 
aliquot of the supernatant fluid was analyzed for non-protein nitrogen by 
micro-Kjeldahl, and another (after autocla\ing) for ammonia nitrogen by 
vacuum distillation for 10 minutes from 20 per cent sodium hydroxide at 
00°. The values from these procedures were obtained by nesslerization 
and the estimation of the color in the Evehm colorimeter. Finally, an 
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aliquot, was used for the deteiinination of amino nitrogen by the Van 
Siyke nitrous acid method. licfore this could be done, however, it ns 
ncccssaiy to autoclave the .solution.s for 15 minutes at 20 pounds because, 
acrobicallj’, liver and to .some extent kidney slices produce acetoacetic add, 
which liberates nitrogen from nitrous acid. The autoclaving in acid 
destroys the acetoacetic acid and does not apjiarentl}’’ lydrolyze peptide 
bonds, for this ti'catmcnt causes no incrca.se in amino nitrogen values from 
tissues incubated anaerobicall}’. In fact, after autoclaving, the solutions 
are often cloudy, probablj' from a slight further precipitation of protein. 
The amount, however, is negligible and is included in the non-protein 
nitrogen values. B}’’ the V’’an Siyke procedure, under our conditions, 40 per 
cent of the nitrogen present as ammonia is estimated. It was therefore 
necessary to subtract 40 per cent of the ammonia nitrogen to obtain the 
true amino nitrogen valuers.* The protein nitrogen listed in Table I was 
obtained by subtracting the non-protein from the total nitrogen, and 
represents the amount precipitated by the trichloroacetic acid at room 
temperature. 30 per cent of this protein nitrogen is due to red cells and a 
few liver cells which separate from the slices. 70 per cent is due to protein 
in solution. 

Fig. 1 shows the change in all these values with time for kidney and 
liver slices, both anaerobically and aerobicall}’. To obtain the initial 
values, the contents of one flask were removed without incubation and 
analyzed. Certain effects, which can also be seen in Table I, are immedi- 
ately obvious, and the}' can be summarized as follows. The anaerobic 
condition increases the protein loss from the cells of both kidney and liver; 
it increases slightl}' the non-protein nitrogen in kidney and decreases it 
slightly in liver; it markedly increases the amino nitrogen in kidney and 
decreases it in liver; and finall}', it decreases the ammonia nitrogen in 
kidney and increases it in liver. No variation from this pattern was 
obsen'ed in over forty experiments with as many animals. The aerobic 

'Hamilton (1) has shown that both liver and kidney contain considerable quan- 
tities of glutamine. It is difficult to estimate the exact contribution of glutamine 
to the ammonia and amino nitrogen values. Glutaminase should be active aero- 
bically and anaerobically and therefore some of the estimated ammonia undoubtedly 
comes from glutamine hydrolyzed during the course of the e.xpcriment. Any un- 
changed glutamine would he converted to pyrrolidonecarboxylic acid by heating m 
acid and thus the amide nitrogen would also be estimated as ammonia. Therefore 
the ammonia nitrogen values listed in Table I include all the amide nitrogen of 
glutamine e.xcept that fraction which, after hydrolysis bj' glutaminase, has been 
converted to other compounds. Anj- glutamic acid formed during the experiment 
will participate to an unknown extent in transamination. Its contribution to the 
amino nitrogen values is not predictable. It should be emphasized that the am- 
monia and amino nitrogen values are the result of a large number of metabolic proc- 


esses. 
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protein loss is jirobably in part an artifact due to the absence of protein 
in tho solution and the unavoidable trauma from shaking the vessels. 



Fig. 1. The changes with time in the various nitrogen fractions of 300 mg. of Hvi 
and kidney slices under aerobic and anaerobic conditions. 


It is very little affected by hypertonic and hypotonic solutions (1.8 an 
0.45 per cent NaCl with all the other constituents present in norm, 
concentrations); nor is it lowered appreciably bj^ 4 da 5 ^s fasting of tl 



F. BERNHEIM AND M. h. C. BERNHEIM 


207 


animal before removal of the tissues, when, presumabl}’’, some of the 
so called labile protein of the liver has disappeared. Absence of calcium 
from the solution increases the aerobic protein loss, indicating that the 
permeability of the cell membrane is, in part, a limiting factor; and an 
increase in this permeability imder anaerobic conditions probably accounts 
for the greater protein loss. 

In Iddney the non-protein nitrogen is slightly higher anaerobically, but 
the difference .is so small that it would not be significant if it were not a 
consistent finding. On the other hand, the amino nitrogen is usually more 
than doubled anaerobicall3', while the ammonia nitrogen is markedly 
decreased. There is thus a i-eciprocal relation between these two and it is 
apparent that the precursor of most of the aerobic ammonia is a substance 
which requires o.xidation before the ammonia is liberated. There is some 
anaerobic ammonia production but it is relatively small and may not be 
significant. 

In the liver the situation is exactly the reverse. The non-protein and 
amino nitrogen are always less under anaerobic conditions. There is 
thus not only no hydrolysis of protein but actually an inhibition of processes 
which are involved in the formation of non-protein nitrogen material. 
The anaerobic ammonia nitrogen is always higher than the aerobic, for 
under these conditions urea production is stopped and any ammonia formed 
tends to remain as such. The source of the anaerobic ammonia is unknown 
but may be glutamine. 

Table I siunmarizes the efiFect of a number of substances on the various 
nitrogen fractions. Pyruvate has two marked effects. It decreases the 
protein loss from the liver anaerobically and to a less extent also in the 
kidney. This decrease occurs whether the protein loss is high or low. (In 
the control e.xperiments listed in Table I, it is the protein loss that shows 
the greatest variations. All the other figures are remarkablj’ constant.) 
Pyruvate decreases both the aerobic and anaerobic ammonia nitrogen in 
kidney, causing a corresponding increase in the amino nitrogen, but also 
some decrease in non-protein nitrogen. Glucose, on the other hand, is 
\nthout any significant effect. Pj'ruvate in its effect on anaerobic protein 
loss may be acting as a hj-drogen acceptor. If that is so, its action is 
nevertheless highly specific, for fumarate has no effect on protein loss. 
The latter will, however, reduce the aerobic ammonia production in kidnej' 
and cause some increase in amino nitrogen and decrease in non-protein 
nitrogen. Amino acids and ammonia very definiteh' decrease the non- 
protein nitrogen. This result is obtained by subtracting the nitrogen added 
as amino acid or ammonium sulfate from the total non-protein nitrogen 
estimated. The reduction is significant in all cases except in the anaerobic 
liver. It is therefore probable that free ammonia as well as 
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prevents the normal breakdown of protein. The corrections in the amino 
and ammonia nitrogen values when nitrogen compounds arc added arc so 
large that the results are not significant. 

Avertin belongs to the class of halogcnatcd organic compounds that maj' 
cause liver damage. Its main action is on the liver aerobic non-protein 
nitrogen and amino nitrogen, both of which are decreased. It causes a 
slight increase in aerobic protein loss in liver and kidney and a small depre.s- 
sion of aerobic ammonia production in kidney. Its preferential action 
therefore is on the liver, where it suppresses the production of non-protein 
nitrogen and in particular the formation of amino groups. Cyanide has 
exactly the same effect as anaerobiosis, and when it is added to slices in- 
cubated anaerobically it has no added effect. Therefore, it does not in- 
crease cathcptic activity in kidney or liver under these conditions, p- 
Phenylenediamine is also a respiratory inhibitor and its effects are similar 
to those of cyanide, but are less marked. 

All the above experiments were done at pH 7.4 where autolysis occurs 
more slowly than in acid solutions. In order to test the extent of autolytic 
activity at pH 7.4 and under identical conditions liver and kidnej' cell 
suspensions were made by grinding in a mortar with sand. The initial 
amino nitrogen in the kidney suspension was 0.258 mg. and after 3 hours 
aerobic incubation rose to 0.528 mg. The corresponding values for liver 
were 0.226 mg. and 0.406 mg. Cyanide and anaerobiosis did not increase 
these figures and this indicates that they are the result of proteolytic 
activity not dependent on reducing agents such as sulfhydryl groups. The 
existence of this type of autolysis was shown by Baile 3 ’^ cl al. (2) for hog 
liver. The protein hydrolyzed at pH 7.3 is, according to Luck cl al. (3), 
a globulin II. Thus broken cell suspensions show definite autolj'^sis under 
conditions in which tissue slices show little evidence of it. 

Experiments with heart slices show that this tissue is much less active 
than liver or kidney in the production of ammonia, amino, and non-protein 
nitrogen. ^lore protein is lost from the slices, possiblj’’ because of the 
syncj^tial structure. Anaerobic conditions, lij'^potonicity, absence of 
calcium, and avertin have minimal effects. If the cells are completelj’ 
destro 3 ’’ed autol 3 'sis occurs. 


DISCUSSION 

I. nder the conditions of the experiments it is not possible to sa 3 * how 
much the aerobic protein loss from the cells is due to trauma and how much 
is due to normal diffusion. It is, however, evident that anaerobic condi- 
tions greatly increase protein loss and that this is the only anaerobic 
effect common -to both liver and kidney. It seems probable that a similar 
protein loss from cells to intracellular fluid occurs in vivo when the blood 
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supply to an area is occluded. This loss apparently is the first reaction, 
for it occurs in vitro when there is no evidence of any autolysis. TVhen 
autolysis occurs in vivo, it probably does so onl}' after a considerable portion 
of the protein has leaked out of the cell. In the above experiments about 
one-third of the drj' weight of the tissue slice is lost as protein to the 
surrounding fluid under anaerobic conditions lasting 3 hours. 

STJMXLVRY 

1. The protein, non-protein, amino, and ammonia nitrogen values have 
'been estimated after incubating rat liver and kidney slices under various 

conditions. 

2. Anaerobic conditions in the kidney cause an increased protein loss, a 
slight increase in non-protein nitrogen, a large increase in amino nitrogen, 
wth a corresponding decrease in ammonia nitrogen. 

3. Anaerobic conditions in the liver cause an increased protein loss, a 
decrease in non-protein nitrogen, a decrease in amino nitrogen, and an 
increase in ammonia nitrogen, which results, except for the protein loss, are 
exactly opposite from those in the kidney. 

4. The effect of pyruvate, glucose, fumarate, amino acids, and various 
drugs on these patterns is described. 
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AN ELECTROPHORETIC ANALYSIS OF CHANGES PRODUCED 
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(Received for publication, Januarj” 16, 1946) 

Van der Scheer and associates (1), using the electrophoretic procedure, 
demonstrated the formation of a colloidal component C in normal horse 
serum that had previously been heated to 65°. As Beilinsson (2) and others 
(3) had shown that the coagulation of egg albumin by heat could be pre- 
vented by treating the albumin solution with sugars and sugar alcohols, it 
was thought that a similar treatment of blood serum and plasma might also 
prevent coagulation and even prevent the formation of the C component. 
In a preliminarj' e.vperiment (4) in which bovine plasma was saturated 
with d-glucose, heat coagulation and the formation of the C component 
were prevented. 

The present study was undertaken for the purpose of comparing the 
effects of d-galactose, d-fructose, d-maimose, Z-arabinose, d-.yylose, sucrose, 
and d-mannitol as well as d-glucose in plasma and senun on the formation of 
the C component. The change or absence of change in bovine blood serum 
or plasma was followed electrophoretically b}' the moving boundary method 
of Tiselius (5). 


experhient.u:. 

The plasma and serum samples studied were either saturated or half 
saturated with the sugars or mannitol at room temperature. The 3 ' were 
placed in Erlenmej'er flasks, stoppered, and placed in a constant tem- 
peratxue water bath. Heating was then carried out imder the conditions 
noted in Table I. The amount of precipitate formed during the period of 
heating varied from no visible precipitate when certain of the sugars were 
emploj'ed to nearh' 100 per cent precipitation of the plasma and serum 
protems in the case of the controls. An 3 ' precipitate formed during the 
period of heating was removed by centrifugation. The sugar or maimitol 

• Journal article No. 777 (new series) of the Michigan Agricultural Experiment 
Station. 

t Present address, E. I. du Pont de Nemours and Company, Inc., Buffalo, New 
York. 
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was removed by dialysis against distilled water. The protein concentration 
of the sample was determined and adjusted to that used for studj' before 
electrophoresis experiments were carried out. 

Table I 


Heating Experiments 


Ex- 

peri- 

ment 

No. 

Fig. 

No. 

Sample 

Material added 

Time exposed and 
temperature 

1 

1 

Bovine plasma 

None 

Control 

2 

2 

ci (c 

Saturated, d-glucose 

ti 

3 

3 

<< it 

None 

1 hr. at 65° 

4 

4 

t< << 

Half saturated, d-glucose 

1 “ “ 65° 

6 

5 

it it 

Saturated, d-glucose 

1 " “ 65° 

6 


tt n 

None 

1 “ “ 56° 

7 


(( (( 

Half saturated, d-glucose 

1 “ “ 56° 

8 


(( (( 

Saturated, d-glucose 

1 “ “ 56° 

9 


“ serum 

None 

Control 

10 


it 

tt 

1 hr. at 65° 

11 


(t 

Saturated, d-gnlactose 

1 “ “ 65° 

12 


(( 

“ l-arabinosc 

1 “ << 65° 

13 


(( it 

sucrose 

1 “ " 65° 

14 


ti it 

“ d-fructose 

1 “ “ 65° 

16 

6 

tt it 

“ lactose 

1 “ ” 65° 

16 


ti ft 

“ d-mannitol 

1 “ “ 65° 

17 


ti ti 

“ d-xylose 

1 '■ “ 65° 

18 

7 

Fractionated plasma 

None 

Control 

19 

8 

ti it 

ti 

1 hr. at 65° 

20 



Half saturated, d-glucose 

1 “ “ 65° 

21 



Saturated, d-glucosc 

1 “ ■' 65° 

22 

9 

(t << 

None 

Control 

23 

10 

(( 

4( 

1 hr. at 65° 

24 


1C <c 

Half saturated, d-glucose 

1 ■« 65° 

25 

11 

Bovine plasma 

None 

24 hrs. “ 56° 

26 

12 

it it 

it 

48 “ “ 56° 

27 

13 

tt it 

ti 

5 days " 56° 

28 

14 

1C cc 

Saturated, d-glucose 

7 “ “56° 

29 


tt a 

None (supernatant from Ex- 





periment 30) 


30 

15 

C component 

None 



Electrophoretic examinations ivere carried out in a manner described 
previously (6). In all cases the samples to be analyzed were dialj^zed 
against large volumes of diethylbarbituric acid-sodium diethyl barbiturate 
buffer of pH 8.6 and ionic strength 0.1. Electrophoresis of the dialyzed 
samples was carried out under the conditions shown in Table II. 
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For purposes of calculation, the areas of the albumin, aj- and a.- 
globulins, and the C component when present were determined in arbitral^* 
planimeter units. Since the C component had about the same mobility as 


Table II 

Eleelrophoreais Expenmcnis 


Eipemnecl 

No 



Fotentul 

gradient 

1 

Slobflily of C 
cttssponent 
X io-‘ 

Relative cecceatratjoss 

^ Fig. No. 

Electn>- 
1 pborcsxs lime 

Protein con- 
cenlralion ' 

■nvinn 

C coaposect 






Aibtmaia 

Albumin 



1 

Tails per cn 

per cent 

r? rn per sec 
per Tclt 



I 

1 


6 63 

2 


0 394 


2 

2 


6.3S 

2 


0 380 


3 

3 

BwSjI 

6 56 

2 

5 OS 


3.70 

4 

4 

BwlSB 

6.45 

2 

4 76 


0.710 

5 

5 


6 90 

2 1 


0 390 


6 

1 


6.53 

2 

5 10 


0.750 

7 



6.3S 

2 


0 500 


s 



5 46 

2 


0 469 


9 


10.000 

5.50 

2 


0 39S 


to 


10,000 

1 6 8S 

2 

4 50 


8.97 

11 


10,000 

1 7 35 

1 2 

1 4 79 

0 257 


12 


10,000 

7 13 

2 

1 


1 

13 


10,000 

6 99 

I 2 


0 325 


14 


10,000 

7 16 

1 2 


0 303 


15 

6 

10,100 

6 95 

2 

5 25 


3.66 

16 


10,000 

7 30 

2 

4 94 


4.06 

17 


11,000 

7 4S 

2 


1 


IS 


10,000 

6 52 

0 66 

1 

0 393 


19 


10,200 

6 96 

1 

5 63 


2.30 

20 

■■ 

11,000 

6 05 

1 

1 5 32 


0.752 

21 

■■ 

10,200 

6 73 

1 

1 

0 443 


22 


6,000 

6 32 

1 

I 

0 IS2 


23 


11,000 

6 31 

1 

6 77 


1.66 

24 


10,000 

6 21 

1 




25 

11 

10,000 

6 65 

2 

4 15 


1.18 

26 

mm 

10,000 

6 51 

2 

4 79 


1.90 

27 

■9 

10,000 

6 30 

1 3 

4 64 


0.95 

28 

14 

10,200 

6 63 

1 37 

5 10 


0.79 

29 


10,200 

6 3S 

2 

5 11 



30 

15 

5,000 

6 43 

0 33 

1 4 6S 


3.66 


the a-globulins, it often masked them when present. Therefore, it was 
decided to determine the a,- plus arglobulin-albumin ratio where dis- 
cernible and the C component-albumin ratio in the other cases. X normal 
value for the former ratio would indicate the absence of C component and 
a value higher than normal, its presence. 
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An electrophoretic pattern of normal bovine plasma is 8ho^vn in Fig. 1, 
A pattern of the same plasma is sho^vn in Fig. 2 after having been saturated 
with d-glucose and the sugar removed by dialysis. The pattern resembles 
that of normal plasma and the a-globulin-albumin ratios of 0.394 and 0.380 
were in good agreement. 

The pattern containing the C component shown in Fig. 3 was obtamed 
after heating a sample of the same plasma at 65° for 1 hour. A C com- 
ponent-albumin ratio of 3.70 was observed. 



Fio.l Pig. 2 

Fig. 1. Electrophoresis pattern of norma! bovine plasma. 

Pig. 2. Bovine plasma saturated with </-glucose and the sugar removed by dialysis 



Fig. 3 Fig. 4 

Pig. 3. Bovine plasma heated at 05° for 1 hour. 

Pig. 4. Bovine plasma half saturated with rf-glucose and heated at 65° for 1 hour. 



Fig. 4 shows the effect of heating the plasma under the same conditions 
when half saturated with d-glucose. The C component-albumin ratio 
decreased to 0.71. It is of interest to note that the /S-boundar.y disturbance 
in this case was observed as two spikes in the descending pattern and as one 
in the ascending. It is possible that heating alters the lipid-protein com- 
plex which is considered the cause of the /3-boundary disturbance (7). 

An electrophoretic pattern of normal bovine plasma after having been 
saturated with d-glucose and heated is illustrated by Fig. 5. The ascend- 
ing and descending patterns show little change from the normal. The 
boundary disturbance appears on both patterns. The fibrinogen-albumin 
ratio was less than that recorded in normal plasma. 
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In Table II, Experiment 6, arc shown the results obtained ■when bovine 
plasma was heated at 56° for 1 hour. The C component-albumin ratio in 
this case was 0.750 as compared with the value of 3.70 observed under sim- 
ilar circumstances at 65° in Experiment 3. AVhen bovine plasma ■was half 
saturated or saturated with d-glucosc and heated at 56° for 1 hour, the for- 
mation of the C component was suppressed. The a-globulin-albumin ratio 
■was 0.500 and 0.469 (Kxperiments 7 and 8, Table II). 

Further c.xperiments ■were carried out at 65° with normal bovine senim 
and serum saturated with other sugars and with d-mannitol. Normal 
bovme serum (Kxperiment 9) gave an a-globulin-albumin ratio of 0.398. 
The C component was formed when a sample of the serum ■was heated at 
65° for 1 hour. The C component-albumin ratio was 8.97. I^Tien serum 


A 

A I 



Fig. S Fig. 6 


Fig. 5. Bovine plasma saturated with d-glueose and heated at 65° for 1 hour. 

Fig. 6. Bovine serum saturated with lactose and heated at 65° for 1 hour. 

■was saturated with d-galactose and heated at 65° for 1 hour, the electro- 
phoretic patterns do not show ai-globulin or the C component. The a- 
globulin-albumin ratio was 0.257 (E.xperiment 11). 

When serum was heated in the presence of l-arabinose, the formation of 
the C component ■was not completely suppressed. The C component failed 
to separate from the albumin sufficiently to calculate the ratio (Experiment 
12 ). 

Sucrose and d-fructose completely inhibited the formation of C com- 
ponent. When lactose (Fig. 6), d-mannitol, and d-xylose were employed 
(Experiments 15, 16, and 17), the C component appeared as two overlapping 
components. In the case of d-xylose, the C component failed to separate 
from the albiunin sufficiently to calculate the ratio. Qualitatively, the 
changes in the electrophoretic patterns in Experiment 17 in which d-xylose 
was employed appeared to be of the same magnitude as was observed in 
Experiment 12 ■with Z-arabinose. 

Critical examination of the heated plasma samples shown in Figs. 3, 4, 
and 5 shows a decrease in the concentrations of /3- and y-globulin and fibrin- 
ogen. It might be surmised that the C component forms at the expense of 
these three components. However, Experiments 9 through 17 carried out 
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■with bovine serum show that the C component can form in the absence of 
fibrinogen. 

In an attempt to obtain more information on the origin of the C com- 
ponent, normal bovine plasma ivas fractionated with cold 40 per cent 
ethanol according to the method described by Cohn et al. (8). The pro- 
cedure employed consisted of placing normal bovine plasma to be fraction- 
ated in an agitated cellophane membrane which could be suspended in an 
ethanol solution. The ethanol ■\vas then added to the plasma bj" diffusion. 
In order to prevent denaturation of the plasma proteins by the ethanol, 
the entire operation w'as carried out at 0° and the gradient of ethanol within 
and without the membrane was maintained as small as convenient. In 
practice the samples were equilibrated against 10, 20, and 30 per cent 
ethanol and finally against 40 per cent ethanol. No attempt was made to 
adjust the pH of the ethanol solution or the pla^a. The fraction remain- 
ing in solution after equilibrium against cold 40 per cent ethanol was dia- 


c 



Fto.7 Fig. 8 


Fio. 7. Bovine plasma fraction soluble in 40 per cent ethanol at 0°. 

Fio. 8. Bovine plasma fraction soluble in 40 per cent ethanol at 0® after heating 
for 1 hour at 65°. 

lyzed against several changes of potassium phosphate buffer of pH'7.2 and 
ionic strength 0.1. The electrophoretic pattern of this fraction is shoTO in 
Fig. 7. It appeared to be a mixture of albumin and a- and /3-globulins. 
The diab’^zed fraction was divided into three portions. One was heated at 
65° for 1 hour, one was half saturated, and one was saturated with d-glucose 
and heated as the untreated portion. Fig. 8 shows that the C component 
appears in the absence of either fibrinogen or 7-globulin. Its appearance 
was partially suppressed in the other two treated portions of the fraction- 
ated plasma. 

A more complete fractionation of normal bovine plasma, in the manner 
described abo^'e, with 52 per cent ethanol at —5°, resulted in the soluble 
fraction shown in Fig. 9. This fraction was a -mixture of albumin and 
a-globulins. It was dialyzed as described previously and divided into 
three portions. One was heated at 65° for 1 hour, one half saturated, and 
one saturated with d-glucose and heated as the untreated portion. As 
shown in Fig. 10, the C component formed but failed to separate com- 
pletely from the albumin component. Its electrophoretic mobility was 
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6.77 X 10“* sq. cm. The arglobulin peak is absent. The electrophoretic 
patterns obtained on the two d-ghicosc-treated portions did not show the 
C component. 

Further attempts to determine the origin of the C component were carried 
out by heating samples of bo\*inc plasma at 56° for c.xtended periods of 
time. Fig. 11 shows the electrophoretic patterns obtained after heating 
boxine plasma for 24 hours. The C component-albumin ratio was 1.18. 
The albumin, fibrinogen, and globulin concentrations decreased. In a 
similar axperiment at 56° heating for 48 hours caused the changes shown in 


A A 



i\ > < lx 4| > < H 


Fig. 9 Fio. 10 

Fig. 9. Bovine plasma fraction soluble in 52 per cent ethanol at —5°. 

Fig. 10. Bovine plasma fraction soluble in 52 per cent ethanol at —5° after heating 
for 1 hour at 65°. 



Fig. 11 Fig. 12 

Fig. 11. Normal bo)-ine plasma heated at 56° for 24 hours. 

Fig. 12. Normal bovine plasma heated at 56° for 48 hours. 

Fig. 12. ,The C component-albumin ratio was 1.90. Fig. 13 was obtained 
after heating plasma for 5 da}n at 56°. At the end of this period of heating 
the sample contained a large amount of precipitate and was very viscous. 
It was found that imder these conditions 80 per cent of the plasma protein 
had been rendered insoluble. Centrifugation was used to clarifv' the 
sample. Most of the C component was removed through this treatment. 
A C component-albumin ratio of 0.95 is obviously not a true indication of 
the amount of C component formed. La this case, there was a further de- 
crease in albumin, fibrinogen, and globulin concentrations. The presence 
of a new component migrating ahead of the albumin fraction is also shown 
in Fig. 13. 
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The formation of the C component Avas diminished in plasma that had 
been saturated with d-glucose and heated for 7 days at 56°. The plasma 
remained clear, though it may be observed from the electrophoretic patterns 
(Fig. 14) that physicochemical changes occurred duringthe period of heating. 
The C component-albumin ratio was 0.79. 

Van der Scheer and associates (1) were able to separate the C component 
completely by dialyzing heated serum in distilled Avater and adjusting to 
pH 6.0. The C component was then removed bj"^ centrifugation and was 
dispersed in alkaline saline solution. An electrophoretic examination of 



dl > < la- 

Fig. 13. Normal bovine plasma heated at 56° for 5 days 



Fig. It. Bovine plasma saturated with d-glucose and heated at 56° for 7 days 


C 
C 

cj I ^ ^ |CL 

Fig. 15. C component isolated from heated bovine plasma 

this dispersion showed the C component to be homogeneous. Their pro- 
cedure Avas applied to heated bovine plasma by the authors. An electro- 
phoretic examination of the dispersion produced the patterns shoAA-n in 
Fig. 15. The C component appeared homogeneous and had a mobility of 
the order observed previously in the heated samples. Only a small portion 
of the C component Avas remoA^ed by folloAA-ing the method employed by 
A’an der Scheer and cotvorkers. 



DISCUSSION 

Van der Scheer and associates (1) found that heating serum albumin by 
itself did not result in C component formation under conditions . which 
caused it to appear in a serum globulin fraction that A\-as free of albumin. 
These authors explained its formation by assuming that the globulin in 
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serum became denatured during heat treatment and aggregated to form a 
colloidal suspension of particles fairly uniform uith respect to the electrical 
charge they carried. The fact that serum albumin bj* itself did not produce 
the C component when heated under conditions which caused its formation 
in semm, with a corresponding decrease in the albumin concentration, 
uas e.\plained by assuming that albumin was bound up in the colloidal C 
component. 

The present study shows that the C component is formed when bo-vine 
serum or plasma and certain fractionated bovine plasma samples are heated. 
As yet a globulin-free albumin fraction has not been studied. However, 
preliminaiy experiments -nith bo\'ine plasma and serum globulin fractions 
have shoum the presence of a new component following heating. The 
present studies on various fractionated bovine plasma samples show that 
the C component forms in the absence of fibrinogen and y- and ;3-globulin. 

The fact that there was such a -aide %-ariation in the electrophoretic mo- 
bility of the C component (Table II) in spite of its apparent electrophoretic 
homogeneity may be due to different comcentrations of albumin in the 
colloidal, denatured protein-albumin complex. 

Xo satisfactorj'^ explanation of the mechanism of the inhibiting action 
of the various substances studied against the formation of the C component 
is possible at present. Earlier work (3) indicated that the inhibiting action 
could not be e.xplamed on the formation of “sj-mplexes,” an idea suggested 
by von Przylecki and Cichocka (9). Schubert (10) prepared cjystalline 
compounds of several sugars -nith cysteine, but was imable to prepare a 
crj-stalline derivative of cysteine with d-fructose, so concluded that an 
aldehj'de group was involved. However, in the present work both sucrose 
and d-mannitol have shonm some prevention of the formation of the C 
component, and earlier work (3) has sho-wn that these same substances and 
also d-fructose have inhibited the formation of sulfhydrj’l groups during the 
heating of egg albumin. Ballou, Boyer, Luck, and Lum (11) believe the 
action of various anions, such as the caprj'late ion, which are active at even 
higher temperatures than those used in the present work, is due to an asso- 
ciation by electronic attraction of the (COO~) group -svith the exposed amino 
groups ( — NHj"*-), the latter formed as a result of the unfolding of the al- 
bumin molecule. This attraction, they point out, along with the influence 
of the non-polar portion of the anion -nith the non-polar part of the amino 
acid side chains, would keep the protein in solution. There is no evidence 
to show that sugars would act in a similar manner. From a chemical idew- 
pomt it is not clear why certain of the substances used in the present work 
failed to prevent the formation of the C component, whereas others gave 
essentially 100 per cent inhibition. 
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SUMSIAEY 

rf-Glucose inhibited the formation of the C component when bovine 
plasma was heated under conditions that caused its formation in the absence 
of d-glucose. 

d-Galactose, Z-arabinose, sucrose, d-fructose, lactose, d-mannitol, and 
d-xylose all showed some degree of inhibiting action against the C compo- 
nent formation in heated bovine serum. 

Aging in the presence of d-glucose did not alter the electrophoretic pat- 
terns of bovine plasma. 

Studies on bovine plasma fractions gave further evidence of the inhibiting 
action of d-glucose against C component formation but did not explain the 
mechanism of its formation. The C component was formed by heating an 
albumin-a-globulin fraction of bovine plasma. 
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STUDIES ON THE ENZYMATIC SYNTHESIS OF DEXTEAN 
FROM SUCROSE* 
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College, New York City) 
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The sjutheses of dextrans (1-5) and levans (6-10) from sucrose by 
enzj-mes from certain bacteria and the s>'ntheses of glycogens and starches 
from glucose-l-phosphate by phosphorj’lases from yeast (11) and animal 
(12-15) and plant (16, 17) tissues have a fundamental point of similarity 
in that, •nith aU of them, the substrate contains the basic unit of the final 
pol 3 Tner product in the form of a glj’coside radical (5) . A point of difference 
from the glj’cogen and starch sjmtheses is that phosphorylated compounds 
apparently are not required in the sjTitheses of dextrans and levans (5, 
8). A further distinction is that the enzjTnaticallj' s 3 ’nthesized dextrans 
and levans that we have studied (1, 2, 4, 9) are serologicall}' active; this 
feature, although not representing a fundamental difference in the syntheses 
themselves, is of special interest to the bacteriologist, and has been utilized 
to particular advantage in examining the question of the likeness betweep 
the polj’saccharides sjmthesized by the cell-free enzymes and the natural 
polj'saccharides formed in the li\’ing bacterial cultures (2, 4). 

The present paper deals with some aspects of the kinetics of dextran 
formation from sucrose by enzjTnes from a strain of heucmosloc mesen- 
leroidcs. Pre'V’ious papers (1, 2, 4, 5) included data indicating that this 
enzjTnatic reaction consists of the conversion of n molecules of sucrose to a 
poljTner of n glucose anh 3 'dride units plus n molecules of fructose, and also 
data showing that the enz3’maticall3- S3Tithesized dextran agreed in sero- 
logical as well as in chemical properties uitb the dextran elaborated in living 
cultures of the bacteria from which the enzyunes were derived. The present 
object is to present data on the equilibrimn point, velocity' constants, and 
other aspects of the reaction, which could be studied more adequateh' \rith 
the more potent enzyme preparations described in this pap)er than with the 
enz 3 me preparations utilized in the previous studies. 

EXPERIMENTAL 

Preparation of Enzymes — 5 liters of a culture of Leuconosloc mcsenleroides 
(the pre^dousb' utilized B strain) represented the usual starting material. 
The culture medium comprised sucrose 4 pier cent, Bacto-pieptone 1.5 

* This work was supported by a grant from the Sugar Research Foundation 
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per cent, NaCl 0.5 per cent, and Na 2 HP 04 0.1 per cent; it was heavily 
seeded and was incubated for 2 days at 23°. The final cultures were 
opalescent and viscous, and had a pH of from 4.5 to 4.8. To each liter 
of culture fluid, decanted from the gum that was deposited at the bottom 
of the flasks, 370 gm. of ammonium sulfate were added. The mixture was 
centrifuged for 1 hour at 1500 r.p.m., and the supernatant fluids which 
contained most of the preformed dextran were decanted from the precipi- 
tates which contained the enzyme. The precipitates were drained in the 
cold for 30 minutes, and were further freed from preformed polysaccharide 
material by washing three times with 250 ml. of half saturated ammonium 
sulfate in 0.1 per cent acetic acid. For each washing, the sticky precipitate 
was carefully worked from the bottoms and sides of the centrifuge tubes 
into the acid wash fluid with the aid of a rubber policeman; the suspension 
was then centrifuged and the wash fluid decanted. The final washed 
precipitate, which contained large numbers of bacterial cells in addition to 
the enzyme, was drained and then extracted with 100 ml. of 0.025 m citrate 
buffer (pH 6.3). Following a preliminary centrifugation, the extract, 
readjusted if necessary to pH 6.3 with ammonia, was centrifuged for 2 
hours at 2500 r.p.m. in collodion tubes set in a 14 inch angle head. The 
resulting solution, which was faintly opalescent but entirely free of bacteria, 
was treated wth an equal volume of 1.0 m acetate buffer (pH 4.3), stored 
overnight at 4°, and then centrifuged at high speed in the cold. The 
precipitate, wliich contained most of the active enzyme together with con- 
siderable material (probably primary proteose) derived from the “peptone” 
of the culture medium, wms taken up in 100 ml. of 0.025 m citrate buffer 
(pH 6.3), cleared by centrifugation, and stored in a solid COo freezing 
chamber at appro.ximately —70°. 

Enzyme-Substrate Mixtures — The sucrose used as substrate in the e.xperi- 
ments was a sample of beet sugar knowm to be free of dextran; it was used in 
place of reagent sucrose, because the latter usually contains appreciable 
amounts of material that has the serological properties of Leuconostoc 
dextran (18, 19). Unless otherwise noted, solutions of the sucrose were 
prepared in 0.1 m acetate buffer (pH 5.6) immediately before use. The 
incubation of all enzyme-substrate mixtures was at 23°; after the proper 
interval the reaction was stopped, usually by diluting the mbctures 5-fold in 
0.02 N sodium hydroxide. Immediately thereafter anaJj’^ses of the enz 3 me- 
substrate mixture w'ere made for one or more of the components of the 
reaction (free reducing sugar, dextran, sucrose). 

Analytical Procedures 

Reducing sugar was determined “as glucose” in triplicate analyses by 
the method of Hagedom and Jensen (20). This procedure was considered 
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applicable to the determination of the free reducing sugar, which is fructose, 
as well as to the determinations of dextran and sucrose, because fructose 
and glucose have essentially the same reducing capacitj' when assayed 
by this method. 

For the estimation of dextran the sample to be analyzed was diluted 
5-fold in 10 per cent sodium acetate and then treated with 1.5 volumes of 
95 per cent alcohol. The precipitate, collected by centrifugation of the 
mixture after it had been in the ice box for several days, was taken up in 1 
sulfuric acid and hydrolyzed in a sealed tube immersed in boiling water for 
6 hours. The reducing sugar content of the neutralized hydrolj'sate was 
taken to represent the dextran content. That basis was used, even though 
a polj’gjucoside theoretically would be calculated as 90 per cent of the 
amount of reducing sugar liberated on h 3 'drolysis, because reducing sugar 
values obtained (2, 21) following hydrob'sis of purified dextrans have been 
foimd to be consistentlj' lower than those theoreticaUj' expected and to 
approach more closelj' the weight of the dextran taken for analysis. 

Sucrose was determined in duplicate bj' a modification of the proceauit 
of Shapiro (22), which involves the destruction of reducing sugars bj' means 
of alkali prior to the determination of reducing power of the original and of 
the inverted solution. For the alkali pretreatment, 1.0 ml. of the enzyme- 
substrate mixture to be analyzed was heated at 100° for 25 minutes with 
1.5 ml. of 0.5 K sodium hj'droxide; the alkaline mixture was cooled, neutral- 
ized with 0.1 X hydrochloric acid, and brought to 20.0 ml. Next, the 
reducing sugar content was determined both before and after inversion. 
Reducing sugars after inversion were measured upon 3.0 ml. portions to 
which had been added 1.0 ml. of highly potent invertase in 0.1 sr acetate 
buffer (pH 4.6) and, after incubation for 1 hour at 23°, 10.0 ml. of 0.015 
X sodimn hydroxide. Reducing sugars before inversion were determined 
in the same waj' except that the invertase was not added until immediately 
before the analj'sis. The sucrose content was calculated as 0.95 of the 
difference between the reducing sugars before and after inversion. 

General Course of Reaction — The over-all action of Leuconosloc enzjme 
upon sucrose can be illustrated bj' the data from an exi>eriment in which a 
mixture of equal v'olumes of enzyme and of sucrose solution was analj'zed 
after various periods of incubation for sucrose, dextran, and free reducing 
'-Ugar, and also for serological reactivity. 

It is evident (Fig. 1) that the conversion of sucrose to dextran and free 
reducing sugar began without a noticeable lag period, proceeded at a rate 
hat diminished in an orderly way vith time, and finally approached 
completion. Throughout the reaction there was a regular relationship 
between the de.xtran and the free reducing sugar produced: on a weight 
basis, the amount of free reducing sugar alwav’s sli^tly exceeded the 
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amount of dextran; furthermore, the formation of dextran and reducing 
sugar was associated at all periods with a corresponding loss of sucrose. 
These relationsliips are consistent Avith the equation 

nCijHi’Oii — > (C8HioOs)n + JiCeHiiOs 

Sucrose De.xtran Fructose 

which Avas suggested earlier (1, 2) as an approximate expression of the 
reaction of dextran foimation bj' the enz^TOc from this strain of bacteria. 



Fig, 1. Time curves for the conversion of sucrose to dextran and free reducing 
sugar. Serological reactivity represents the highest dilution of the enzyme-sucrose 
mixture that gave precipitation with a dexlran-reactive sample of type 2 pneumo- 
coccus antiserum (21,23). 

The possession of serological properties by the enzymaticall}’’ synthesized 
dextran is illustrated by the marked increase in serological reactiAuty AA'hich 
accompanied the convei-sion of the sucrose to dextran. Detailed data on 
the specificity of the serological reactions of the enzymatically synthesized 
dextran hav'e been giA'en in preA'ious papei-s (2, 4). 

Equilibrium — 'Mixtures of enzyme plus seA’eral different concentrations 
of sucrose Avere incubated for relatmel5’- long periods of time and then 
analyzed for their contents of sucrose, dexton, and reducing sugar. As 
shoAATi in Table I, the conA’ersion of sucrose to dextran and free reducing 
sugar A\-ent nearly to completion in all the expeiiments. That is, the 
concentrations of sucrose, reducing sugar, and dextran found on analysis 
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agreed closely wth those calculated on the basis that all the sucrose was 
converted to dextran and fructose' according to the previously proposed 
equation. Although the reaction did not go to absolute completion, the 
amount of residual sucrose found on analysis was always small and repre- 
sented only 0.1 to 1.2 per cent of that originally present. (The validity 
of these low values was proved by the nearly quantitative recoveries of 
sucrose in control tests in which small amounts (0.5 per cent of that initially 
present) were added to samples of the mixtures just before their analj'sis.) 

In respect to the minimal amounts of substrate remaining when the 
reaction approaches equilibrium, the condensation of sucrose to dextran 
by the Leuconostoc enzj'me resembles the hydrob'sis of sucrose by inverta.se 


Table I 

Approximately Complete Conreraion of Sucrose to Dextran and F ructosc hy Leuconostoc 

Enzyme 


Sucrose, 

concentration 

Hme of incu- 
bation 

Final concentrations of reactants 

Found on analysis | 

Expected* 

Sucrose 

Reducing 

sugar 

Dextran 

Fructose 

Dextran 

Tui, fer ni. 

hrs. 

mt> Ptf 

mf, per ml. 

mp, per ml. 

mi. per ml 

mi, per ml. 

5.0 

24 

0.02 

2.60 

2.47 

2.03 

2.37 

S.O 

48 

0.01 

2.63 

2.42 

2.03 

2.37 

10.0 

40 

0.01 

5.16 

4.05 

5.20 

4.74 

50.0 

50 

0.59 

27.0 

22.8 

20.3 

23.7 


• Expected on the basis of complete condensation of the sucrose according to 
Equation 1. 


(25), but differs from the enz^nnatic synthesc-s of glycogen, starch, and 
sucrose by phosphorylases, which reactions reach equilibrium long before 
the substrate is completely utilized (13, 16, 26), Further evidence of the 

'Direct evidence was previously obtained (2) that fructo“c is a product of the 
reaction. The following additional data show that little if any glucose accompanies 
the fructose. A portion of the enzjTne-sucrose mixture from the last experiment in 
Table I, which was known to be near completion, was treated with 6.3 volumes of 
alcohol in order to remove the dextran and enzyme material. The supernatant 
fluid, which contained the reducing sugar, when examined «ith a Schmidt and 
Haensch polarimeter made available through the courtesy of Dr. du Vigneaud of 
the Department of Biochemiatrj', gave an optical rotation of =■ —0-39’ fc => 0.368 
m 80 per cent ethyl alcohol, 1 = 2 dm.), which agreed well with the rotation of ciys- 
talline fructose, aS = —0.41° (c = 0.368 in80 per centethyl alcohol, f = 2dm.). More- 
over, the supernatant fluid and a solution of crystalline fructo*e which showed the 
same reducing sugar content, when analyzed b 3 ’ the Hagedom-Jeasen (20) method, 
gave identical fructose values when anal 3 'zed b 3 ’ the Roe (24) procedure. 
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difference between the position of equilibrium in the dextran synthesis 
and those in the sjmtheses by phosphorylases is that, tvith the latter, re- 
versal of the reactions can readily be demonstrated by addition of the 
enzymes to mixtures of the products, whereas no evidence of reversal was 
obtained in analogous experiments in which the dextran-synthesizing 
enzj^me was added to mixtures of fructose and dextran. As shown in 
Table II, no sucrose was formed and no loss in fructose or dextran occurred 
either in pH 5.6 acetate buffer which represented conditions analogous to 
those under which the foimation of sucrose from glucose-l-phosphate and 
fructose has been demonstrated (26), or in pH 7.6 phosphate buffer which 
gave conditions analogous to those under which reversal of glycogen and 
starch syntheses has been accomplished (13, 16). However, the negative 


Table II 

Atiempls to Show Reversal of Reaction of Dextran Synthesis 


BuficT utUized 

Time of 

Analysis ol enzymc.substrate mixtures 

incu- 

bation 

Sucrose 

Fructose 

Dextran 

Serological 

reactivity* 


hrs. 

mg, per 
ml. 

mg, per 
ml. 

mg^er 


0.05 M acetate, pH 6.6 

0 


4.82 

4.31 

1:20,000 


48 


4.79 

4.32 

1:20,000 

0.05 “ phosphate, pH 7.6 

0 


9.42 

8.82 

1:40,000 


48 

EJyjjl 

9.53 

8.82 

1:40,000 


* Highest dilution of enzyme-substrate mixture that gave precipitation in tests 
with type 2 pneumococcus antiserum. 


results in Table II do not imply that reversal of dextran synthesis might 
not be demonstrated by some indirect method such as that recently used 
by Doudoroff and O’Neal (27) in the case of levan synthesis. 

Reducing Sugar As Index of Dextran Formaiion-^hc data from tlie 
experiments of Fig. 1 and Table I, as well as from earlier experiments 
(1,2), showed that the amount of reducing sugar formed closely paralleled 
the extent of conversion of sucrose to dextran. The ratio of reducing 
sugar to dextran in all experiments averaged 1.14, which agrees w'ell ^vith 
the ratio of 1.11 expected on the basis of Equation 1. Because of the con- 
stancy of this ratio, analysis for reducing sugar was utilized as the measure 
of dextran formation in the remaining experiments of the present paper, 
in a way analogous to the use of inorganic phosphate as an index of starch 
and glycogen formation in systems containing phosphorylase and glucose- 
l-phosphate. The acceptability of the reducing sugar as a measure of 
dextran formation was supported by exddence from other experiments 
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that enzyme preparations from the present strain of Leuconosloc cause no 
appreciable hydrolysis, phosphorolysis, or levan formation from sucrose. 

Effect of Subslrate Conccnlralion on Initial Rate of Reaction — A series 
of mixtures was prepared in which 0.2 ml. of enzjme and 0.8 ml. of different 
concentrations of sucrose in buffer (pH 5.6) were incubated at 23^^ for 1 
hour. The reaction was stopped by the addition of 4.0 ml. of 0.02 k 
N aOH to the mixtures, after which the content of reducing sugars was 



Fio. 2. EfTect of substrate concentration on the initial velocity of dextran syn- 
thesis. The broken line represents the curve expected from the equation of Michaelis 
and Menten. 


mea.sured. The data are plotted in Fig. 2, along with the theoretical 
curve expected according to Equation 2 {cf. Michaelis and Menten (28)), 


Vmtx.C 

K.-i-C 


( 2 ) 


in which v is the observed velocity of enzyme action (mg. of reducing sugar 
produced per ml. of enzyme per hour), C is the molar sucrose concentration 
for velocity v, and Vn„. is the velocity for full saturation of the enzjme. 
In constructing the cun'e ba-'ed on Equation 2, the value of Feai. (4.59 
mg. of reducing sugar per ml. of enzyme per hour) was calculated from 
the data obtained with sucrose concentrations below 200 m\r, by application 
of the graphic method introduced by Lineweaver and Burk (29). 

Fig. 2 shows that the velocity of dextran formation rises with increasing 
substrate concentrations up to about 200 mii, but then declines as the 
substrate concentration is further increased. This behavior does not 
completely follow Equation 2 in that velocities lower than the theoretical 
are found at the higher substrate concentrations. A similar phenomenon 
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occurs with urease, in^^ertase, and other enzymes. In tlie case of invertase, 
the deviation from tlie Michaelis and Menten equation has been shoan 
by Nelson and Schubert (30) to be due to the low molecular concentration 
of one of the reactants (water) in the strong sucrose solutions. The 
deviation in the case of the Lcuconosioc enzimie might be due to the same 
factor; considerable amounts of water unquestionably are “bound” during 
the formation of the colloidal solution of dextran; so that neater perhaps 
can be regarded as a reactant in the sense that it hydrates the newly 
synthesized dextran. 


Table III 

Delerminalion of Value of K, for Dcxlran-Synlhcsizing Enzyme 


ETperiment 1 

Experiment 2 

c 

V 

K. 

c 

V 

K, 

tnu 

mg per ml.* 

mxf 

ptii 

me. f’trml.’ 

mM 

10 

1.58 

19.1 

10 

1.58 

20.2 


2.33 

19.5 

12.5 

1.94 

18.2 


3.08 

19.7 

16 

2.10 

20.3 


3.48 

19.3 

20 

2.47 

18.6 


3.60 

22.0 

25 

2.70 

19.1 


4.00 

17.7 

40 

3.30 

17.7 


4.03 

22.5 

100 

4.00 

19.0 

200 

4.20 

18.6 


4,76 (Kiaax.) 



4.59 (Un.,..) 




Average 

19.8 



19.0 


* Mg. of reducing sugar produced per ml. of enzyme per hour. 


The concentration of sucrose (/v,) at which the dextran-sjmthesizing 
enzyme works at half ma.ximal speed was calculated from the data both 
of the foregoing and of a second similar expeiiment. It is evident (Table 
III) that the K, was 19 to 20 miu, which is reasonably near the K, values 
(16 to 40 mM, 20 to 60 mii) reported for yeast invertase (31) and for 
levansucrase (6, 10) but definitely higher than that (4.8 to 6.4 mw) reported 
for glycogen phosphor}dase (13, 14). 

Dclcrminatiori of Velocity Constants — Tavo e.xperiments were carried out 
in Avhich the initial concentrations of sucrose Avere 1 per cent and 5 per cent 
respectively; in both, the Amlume of enzymie A\-as one-half that of the 
enzyme-sucrose mixture. Graphic analysis of the data indicates that the 
dextran formation folloAA’ed a first order course in the e.xperiment Avith the 
1 per cent sucrose, and a zero order course in the e.xperiment Avrith the 5 per 
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cent sucrose. The first order velocity constant, Ki, and the zero order 
velocity constant, ivo, were calculated according to Equations 3 and 4 

= 7 «) 

= f (4) 

where So is the initial sucrose concentration and S is the amount of sucrose 
converted in time t (i.c., 1.9 times the amount of reducing sugar liberated). 
Table IV presents the values of Ki from the data of the experiment with 1 

Table IV 


Calculalion of Velocity Constants for Preparation of DextranSynthesizing Enzyme 


f 

Initial sucrose 

concentration, 5», 1 per cent 

Initial sucrose concentration 

, St, S per cent 

Reducing 
j sugar fomed 

5 

K-i 


■m 

Kt 

kn. 

rj, per rd. 

ng. per nt. 


r^g.ftrrd 1 

! Tts 

rtg. ferkr* 

0.5 

0.45 

0.88 

O.IS 

0.7S 

1 1.4S 

5.92 

1.0 

0.91 

1.73 

0.19 

1.51 

2.S7 

5.74 

1.5 

1.2S 

2.43 

0.19 

2.29 

4.35 

5.80 

2.0 

1.64 

3.12 

0.19 

3.06 

5. SI 

5. Si 

2.5 

l.SM 

3.69 

0.18 

3.76 

7.14 

5.71 

3.0 

2.24 

4.26 ! 

0.19 

4.52 

1 8.49 

5.73 

3.5 

2.50 

4.75 

0.18 

5.64 

i 9. 58 

5.47 

4.0 

2.77 

5.26 

0.19 

5.69 

1 10.81 

5.41 

Average 

0.19 

1 


5.79t 


* Mg. of sucrose converted to dextran per ml. of enzyme solution per hour, 
t Computed from the data for the first 3 hours only. 


per cent sucrose and the values of Ko from the data of the experiment nith 
5 per cent sucrose. The Ki values agreed reasonably well over the entire 
4 hour period of the e.xperiment, which represented a time when over 50 
per cent of the substrate had been utilized; the Ko values also agreed well 
over the first 3 hours which represented a time when 17 per cent of the 
substrate had been utilized, but as might be expected showed some decline 
at the later observations. On the basis of the latter velocity constant, the 
present dextran-forming enzyme can be regarded as 20 times more potent 
than the preparations used in our earlier studies (1, 2); that is, 1 ml. of the 
present enzyme converted 5.79 mg. of sucrose to de.xtran per hour, whereas 
only 0.3 mg. of sucrose was converted to dextran per hour by 1 ml. of a 
representative lot of enzjTne prepared by the prex-iouslx* described (2) 
method. 
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Influence of Added Dextmn upon Activity of Enzyme — ^Data showing that 
the addition of the preformed polysaccharides has an activating influence 
upon gl 3 ’’cogen- and starch-synthesizing phosphorylases have contributed 
to the understanding of the mechanism of action of these enzymes (13, 
16, 32, 33). Analogous e.xperiments were made to determine whether or 
not the addition of dextran to enzyme-sucrose mixtures would increase the 

Table V 

Influence of Added Dextran upon Initial Velocity of Dextran Formation 
Experiment 1. 1.0 ml. of enzyme, 0.5 ml. of 20 per cent sucrose in 0.2 M acetate 
(pH 5.6) plus 0.5 ml. of various dilutions of purified de.vtran; incubated 1 hour at 
23°; reaction stopped by addition of 8.0 ml. of 0.02 n XaOH. 

Experiment 2. 1.0 ml. of 1.'50 enzyme, 0.5 ml. of 20 per cent sucrose in 0.2 m 
acetate (pH 5.6) plus 0.5 ml. of various dilutions of purified dextran; incubated 3 
hours at 23°; reaction stopped by addition of 12.0 ml. of 0.01 N NaOH. 


Concentration o{ addid dextran 
in enzyme>sucrose mixture 

Initial reaction velocity* 

' Experiment 1 I 

Experiment 2 

rnt, per ml. 

0.0 

3.76 

3.76 

0.1 

3.68 

3.74 

0.2 

3.64 

3.69 

0.5 

3.58 

3.62 

1 

3.50 

3.75 

2 

3.62 

3.70 

5 

3.64 

3.64 

10 

3.50 

3.55 


* Mg. of reducing sugar per ml. of enzyme per hour. 


activity of the Leuconosloc enzyme, although it was realized that the initial 
presence of small amounts of dextran* in the enzyme preparations would 

’All of the enzyme solutions contain some small amount of material which gives 
precipitation and complement fixation with antiserums which react with purified 
dextran. If, as we believe, this material is dextran, the amount present in the 
enzyme solutions may be roughly estimated to be of the order of 0.01 mg. per ml.; 
that is, in comparisons made in parallel tests against the same antiserum, the enzyme 
solutions reacfed*when diluted 1:40 or 1:80 but not at higher dilutions, whereas the 
purified dextran from the same strain of bacteria gave positive reactions when diluted 
as much as 1 :4 or 1 :S million. The freeing of the enzyme from these small amounts 
of serologically reactive material is apparently difficult. We have failed to accom- 
plish it by various treatments with a number of the chemical reagents commonly 
employed for the purification of the enzymes and proteins, and have failed also in 
attempts to make the separation by absorption treatment of the enzyme with specific 
antiserums. These results indicate that small amounts of dextran are closely asso- 
ciated with the enzyme, and suggest the possibility that dextran may actually be an 
integral part of the enzyme molecule. 
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complicate the interpretation of the results. The dextran (21) added to 
the enzyme-sucrose mixtures was from the same strain of bacteria as that 
from which the enr^me came. 

The data (Table V) show that the addition of purified de.xtran did not 
cause any increase in the initial velocity of dextran sjTithesis by the enzjme; 
there was instead a slight retardation when large amounts were added. 
However, since the small amount of the pelj^sacchaiide that regularly 
accompanies the enzyme^ might by itself be sufiBcient to prime the reaction, 
failure of the introduction of additional amounts to have an activating 
influence does not answer the fundamental question of whether or not 
preformed dextran participates in some wa 3 ’ in the enzjmatic sjmthesis 

Table VI 


Substances without Appreciable Effect upon Synthesis of Dextran from Sucrose by 

Leuconostoc Enzyme 


Substance 

Final fmolar) concentration 

Sodium azide 

0 025, 0.005, 0 001 

" fluonde 

0.05,0.01,0 002 

Potassium cyanide 

0.05, 0.01, 0.002 

Monoiodoacetic acid 

0.025, 0.005 

Copper sulfate 

0.001, 0.0001, 0.00001 

Manganous chloride 

0.001, 0.0001 

Zinc sulfate 

0.001,0.0001,0 00001 

Silver nitrate 

0.0001,’ 0.00001, 0.000001 

Pyridine 

0.01, 0.001 

Aniline 

0.01, 0.001 


* Slight retardation of dextran formation was observed. 


Since information on that question is essential for a better understanding 
of the mechanism of dextran synthesis, further experiments to explore 
this will be performed. 

Effect of Various Reagents on Activity of Enzyme — A number of sub- 
stances commonly emploj'ed in the study of enzjme inhibition were found 
to have no effect upon the initial rate of dextran synthesis bj* the Leuconostoc 
enzyme in experiments with 5 per cent sucrose at pH 5.6. The siibstances, 
and the Concentrations in which they were tested, are listed in Table IT. 

The failure of relativelj’ high concentrations of azide, fluoride, cj’^anide, 
or iodoacetate to retard the action of Leuconostoc ensrjme suggests that the 
sj-nthesis of dextran from sucrose is not coupled with or dependent upon 
oridative processes. The lack of appreciable effect of aniline and of Ag+ 
and Cu++ ions upon de.xtran formation is in contrast to the pronounced 
mhibitory effect of aniline and of Ag+ ions upon j'east invertase (34) and 
of Cu++ ions upon gljxogen phosphoiylase (13). 
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SUMMARY 

1. The activity of a bacterial enzjTiie which catalyzes the formation of 
a serologically reactive polysaccharide (dextran) from sucrose was studied. 
The enzyme was obtained from sucrose broth cultures of a strain of Leuco- 
nostoc mesenfermdes by a method which yielded more potent preparations 
than were hitherto available. 

2. Anabases of enzyme-sucrose mixtures for each of the knmvn reactants 
showed that the conversion of sucrose to dextran proceeded nearly to 
completion according to the equation, n sucrose — > dexi-ran + n fructose. 

3. The concentration of sucrose influenced the initial activity of the 
dextran-s 3 mthesizing enzyme in the same waj”- as it does invertase. That 
is, the relationsliip between initial rates of dextran synthesis and sucrose 
concentrations below approximatelj' 200 mxi followed the expression of 
Michaelis and Menten, whereas velocities lower than the theoretical 
were obtained at higher sucrose concentrations. The Michaelis constant, 
K,, calculated from the. data at the lower sucrose concentrations, was 
approximately 19 to 20 mM. 

4. The enzj'matic synthesis of dextran simulated a first order reaction 
in systems containing 1 per cent sucrose but resembled a zero order reaction 
in systems containing 5 per cent sucrose. The corresponding unimolecular 
and zero order velocity constants can therefore be utilized to measure 
the activity of the enziTOe, 

5. The addition of purified dextran to enzjTne-sucrose mixtures did not 
increase the initial velocity of dextran formation. (This failure does not, 
however, exclude dextran as an activating substance, because small amounts 
of the preformed polysaccharide, which might be sufficient to prime the 
reaction, regularly accompany the active enzyme.) 

6. A number of well kno^vn enzyme inhibitors, including azide, cyanide, 
fluoride, and iodoacetate, were without effect upon the dex-tran-syn- 
thesizing enzyme. 
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INTESTINAL AND LIVER FACTORS IN THE METABOLIC 
UTILIZATION OF HOMOCYSTINE* 
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Experimental rats of this laboratory have consistently been found 
capable of an immediate growth response upon addition of homocystine to 
a sjTithetic diet free of other sulfur-containing amino acids and choline 
(2, 1), and biosjmthesis of methionine under these conditions has been 
demonstrated (3). The fact that rats can grow without a known source 
of dietary N- or S-bound methyl groups is not in itself a new observation. 
Du Vigneaud el al. (4) in their pioneer investigations on labile methyl 
groups called attention to isolated animals which grew as much as 0.4 gm. 
per day for 8 weeks on their methjd-free homocj'stine diet, and considered 
the possibility that in these cases sjuithesis by intestinal organisms (termed 
refection at that time; cf. (5)) may have been involved. With the objective 
of elucidating the nature of the factors that may be responsible for the 
substantially greater independence of dietarv* methyl groups shown by our 
animals, we have pre-viously studied the effect of certain changes in dietary 
vitamins and mode of food administration (2), with results which indicate 
that these factors are accessorj' determinants of growth response but do not 
explain the main divergence of our obsenations from those of du Vigneaud. 
Through the cooperation of Dr. du Vigneaud it became possible to experi- 
ment r\ith a few rats of his strain, members of which had recently been 
found incapable of grou'th on a “choline-methionine-free diet containing 
homocystine.”* The finding- that animals, bred under our animal colony 
conditions from parents of du Vigneaud’s strain, proved capable of utilizing 

* --tided by a grant from the McNeil Laboratories, Inc., Philadelphia. A summary 
of parts of this work has been presented by Bennett (1). 

' Personal communications of Dr. du Vigneaud and Dr. Chandler. 

• Five female and two male rats, 5 to 6 weeks old, of du Vigneaud’s strain trans- 
ferred to our laboratory, were fed our colony diet but kept isolated from our stock 
rats m order to avoid direct bacterial transmissions. .4t the age of 3 months the 3 ' 
were mated. Due to difficultj- in breeding some of the offspring died, but eight ani- 
mals were available for experimentation : four males and three females from one litter 
and one female, Rat S, from another litter of different parents. When put on the 
choline, methionine-free diet plus eight B vitamins (at 5 weeks of age), addition of 
1.25 per cent homocj-stine on the Sth day resulted in growth; all but one of the animals 
showed a 6 to 10 dax- gain in weight when first fed the homoc 3 -stine, and after this 
penod there was the usual loss of weight followed b 3 ' resumption of growth in most 
animals. Two of the males and two females showed net gains of more than 25 gm. 
during a 70 da 3 ' period: Rat 4 (male), 67 gm. and Rat S (female), 43 gm. Within the 
four male litter mates there was a substantial variation of growth: -1-67 gm. in 70 
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homocystine, even though less effectively than the animals of our own stock, 
strongly suggests that prcexperimental nutrition is a determining agent in 
this phenomenon, especially since our colony diet surpasses the usual stock 
rations in nutritional value (2). This farmrable prcexperimental food 
supply could act by promoting nutritional storage in the animal body of 
factors required for subsequent assimilation of homocj'stine sulfur and also 
by enhancing development of intestinal organisms which in turn become 
the actual contributors of the essential factors. In order to examine 
the role of the second of these possibilities, a study was made of the effect, 
on the utilization of homocystine, of the inclusion in the diet of succinyl- 
sulfathiazole (knowm to be an inhibitor of intestinal synthesis of folic acid 
and other factors (6)) and its compensation by dietary accessories. The 
preliminary experiments of this studj' have been previousl}’’ summarized 
(1); they indicated that certain growth interruptions consistentlj' exhibited 
by some of our rats (2) are not related to a need for folic acid, as had been 
suspected, since this vitamin was not included in our regular vitamin 
supplement. They also showed that addition of succinylsulfathiazole to 
the homocystine diet stopped the growth of the animals in approximately 
4 weeks, resulting in a situation (presumably due to changes in the intestinal 
flora) in which supplementation of the dietary vitamins with rice polishings 
extract permitted utilization of methionine, while homocystine could not be 
utilized. Utilization of homocj^stine became possible w'hen a small amount 
of a certain liver fraction was fed. The liver fraction seemed to take the 
place of the intestinal factor eliminated or inhibited by the sulfonamide 
action. However, actual identity of the intestinal factor with a liver 
factor has not been demonstrated. A more detailed investigation of the 
nature of the liver effect is the object of the present work. 

Diet and Analytical Data — The dietary components were of the same 
purity and from the same sources as before, and basal diet and vitamins 
were substantially identicaP with those used previously (2). The dl- 

days; +26 gm. in 70 days; +6 gm. in 60 days; -33 gm. in 14 days. The last two died 
showing ascitic fluid on autopsy; the others were killed. Autopsy findings and food 
consumption data were similar to those previously reported (2) . During periods of 
acute weight loss daily food consumption dropped to zero, while in Rats 4 and 8 it 
rose to 7 and 6 gm. 

’ The percentage composition of the diet is amino acid mixture 17, Mysine mono- 
hydrochloride monohydrate being substituted for dl-lysine monohydrochloride used 
in previous experiments (the former contained (7) O.OS per cent methionine), dextrin 
.30, sucrose 17 (15 when 2 per cent suifnsuxidine was added), salt mixture 4 (Osborne 
and Mendel (8)), agar 2, and Mazola corn oil 30. Carotene (0.00028 per cent), toc- 
opherol (0.00016 per cent), methylnaphthoquinone (O.lXXUl percent), and vitamin D 
(6.2 U. S. P. units per gm.) arc present in the diet, and the (separately administered) 
standard daily dose of B vitamins is 500 y each of nicotinic acid, p-aminobenzoic acid , 
and inositol, 2(X) y of calcium pantothenate, 40 y each of thiamine hydrochloride, 
riboflavin, and pyridoxine hydrochloride, and 0.25 y of biotin. 
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methionine used was du Font’s product ("99.93 per cent puritj’ (perchloric 
titration)’’). 

Sulfasuxidine (succinylsulfathiazole, Sharp and Dohme) was given as 
2.0 per cent of the diet, replacing an equal amount of sucrose. Homo- 
C3’stine was also fed as a part of the diet, being added to the drj' mixture 
in amounts corresponding to an e.xtra 1.25 per cent or 0.83 per cent of the 
basal diet. Rice polishings extract was used as lyzamin-B or as rj'zamin-B 
unfortified. The latter, except for its being appro.ximately 20 per cent 
less concentrated, is the same product^ as the former. The following liver 
products were used : liver e.xtract Lilh', former!}' called liver extract No. 343 
and representing the anti-pemicious anemia Cohn fraction G (9), i.e., 
that part of aqueous liver extract that is soluble in 70 per cent ethanol but 
insoluble in 93 per cent ethanol; liver extract No. 55 (Lilly) representing the 
(protein) fraction insoluble in 70 per cent ethanol; desiccated liver extract 
No. 1 (LUly), representing the fraction soluble in 93 per cent ethanol; solu- 
tion liver e.xtract parenteral Lederle, a product likewise representing the 
Cohn fraction G; and concentrated solution liver e.xtract Lederle, a prod- 
uct derived from the preceding, but 4 to 5 times as high in antianemia po- 
tency. Available analytical data for these products are listed in Table I. 

Animals — The general preexperimental diet containing a generous va- 
riety of natural foods has been prexfiously described (2). During the 
experimental period each animal was housed in a separate cage, and, except 
for daily weighings, e.xperimental conditions were the same as those out- 
lined earlier® (15). 

Twenty-four females from six litters were used. Twenty of the rats 
came from litters bora within 3 days; the remaining four were approxi- 
mately 18 to 22 days older. They were all placed on the sulfasuxidine- 
containing diet when the youngest were 34 days old. 

First Experimental Series — The liver fraction premously used (1) was 
the same as that employed by White and Beach (16) in their e.xperiment 
demonstrating utilization of homocystine for growth. The first objective 
■"’as to determine the effectiveness of this liver product in quantitative 
terms, as a preliminarj* to its comparison with other related products. 

In order to develop a deficiency of the miknoivTi intestinal factor, the 
animals were directly transferred from the preexperimental diet to the 
sulfasmddine-containing S}'nthetic diet. Water-soluble vitamins were, as 
usual, given separately; they consisted of the usual eight B mtamin com- 
bination and, in addition, 62.5 rag., per animal per day, of lyzamin-B 
unfortified (product t. Table I). The latter was given with the intention 

* Personal communication of Dr. G. H. Hitchings of the Wellcome Research Lab- 
oratories. 

' The rats drank only distilled water. 
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Analytical Data for Rice and Liver Products 
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of maintaining the greatest possible degree of adequacj', apart from the 
spiecific requirements of homocystine utilization. After 8 days on the 
hasal synthetic diet, the average weight of the twenty-four animals (ranging 
between 75 and 169 gm.) had fallen from 116 to 85 gm., and 1.25 per cent 
homocystine was added to the diet. Alter 13 days of this regimen the 
average weight was 92 gm., reflecting the growth-promoting effect of 
homocystine. Presumably growth during this period would have been 
larger, had not the consumption of food been restricted to 3 and (for the 
larger animals) 4 gm. per day. The restriction was imposed in the hope 
of minimizing the usual growth crises and the risk of losing animals as a 
consequence of overconsumption of homocystine. Similar considerations 
prompted a lowering of the homocj'stine content of the diet, after the 
first 13 days, to 0.83 per cent, with continued restriction of intake. After 
7 days rmder these conditions (i.e. a total of 4 weeks of sulfonamide diet) 
the average weight was 95 gm. In order to see whether by this time the 
sulfasuxidine had taken effect the rats were allowed to eat ad libitum for 1 
day. They responded to the ad libitum feeding by an average overnight 
consumption of 4.3 gm. and gains averaging 2.1 gm. Food consumption 
was again restricted and, because of the posability that continued ingestion 
of r\-zamin might somehow hinder the action of sulfasuxidine on the in- 
testinal flora, the rice extract was withdrawn from the daily vitamin supple- 
ment. Dming the ne.xt 13 da>-s the average weight changed from 97 to 88 
gm. However, during (in a few cases shortly before and after) this period 
about one-half of the animals experienced the characteristic growth in- 
terruption crisis; in eleven animals the average consecutive loss was 20 gm. 
and the average duration 5 days. While these drops were similar in 
s>'mptoms and extent (except for their greater rapidity) to those previously 
recorded rmder different conditions ((2) p. 69), recoverj' was strmted, pre- 
sumably reflecting the existence, by this time, of permanent deficiencies 
in intestinal biosynthesis; the amoimt of weight regained averaged only 5 
gm. dining the 10 da 3 -s following the lowest point. The lyzamin supple- 
ment was now reestablished, the biotin content of the dailj' supplement was 
increased by 2 y, and the a nim als were allowed to eat ad libitum. The 
growth patterns ensuing during the next week (the 7th of sulfonamide 
ingestion) suggested that the effect of the drug was now fuUj' established.' 
Average growth and food data of this period are included in Fig. 1. The 
rats were now arranged into experimental groups. For the quantitative 
assaj' of the liver extract the twenty most suitable animals were divided 
into five groups of four rats each, equalizing them as well as possible vith 
regard to average weight during the immediatelj* preceding 10 daj's, as 

‘ What effect, if anj-, the temporaiy withdrawal of the rice polishings extract 
has had in the attainment of this state cannot be deduced from this experiment. 
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Fig. 1. Average growth and food consumption in the first experimental serie 
The diet, arrangement of groups, dietary changes, and supplements are given 
detail in the text . Average animal weights of the groups are plotted every 2nd da 
and daily food consumption is shown as the average of consecutive 2 day period 
The numerals show the average weights 10 days preceding the experimental peril 
and at the subsequent points of dietary change. Methionine indicates the substit' 
fion of methionine for homocystine in the dietary mixture. “LEL” stands for liv 
extract Lilly. 
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well as with regard to their pre^’ious historj’, each group receiving two 
animals that had experienced a period of acute weight loss. Four of these 
(Groups B, C, D, E) were continued on their current diet, supplemented, 
however, daily doses (given by pipette as an aqueous suspension) of 
80, 60, 40, and 20 mg. respectivelj'' of liver extract Lilly. The fifth 
(Group A) received no extra supplement, but the dietary homocystine was 
replaced b}' an equimolar amount of dZ-methionine. The four rats re- 
maining after selection of these groups were those rejected because they 
still appeared to be in various stages of acute growth regression. This 
group (F) was utilized for the purpose of testing the effect of choline which 
had not previously been determined on a sulfonamide-containing diet. 
The base was given with butter, as pre'V'iously described (2), in dailj' 
amounts of 18 mg. It should be noted that from a quantitative vienTpoint 
the response of this group is probably not comparable with that of the 
others. The dietarj' changes just outlined were maintained for 14 days 
and followed bj’’ a return, for 14 daj's, to the preceding diet. Fig. 1 shows 
the effects of these variations. The average growth rates during the supple- 
ment periods (the first 2 days of each being disregarded) are 0.23, 0.56, 
1.07, 1.10, and 1.24 gm. per day (the lowest and highest rate within each 
group being 0.00, 0.31; 0.35, 0.84; 0.96, 1.40; 0.75, 1.44; 0.75, 2.00) re- 
spectively, on homocystine with 20, 40, 60, and 80 mg. of liver extract and 
on methionine instead of homocystine. Average daily food consumption 
in these groups was 2.48, 2.90, 3.62, 3.36, and 3.46 gm. 

Discussion — It would appear, in terms of resultant growth, that dailj' 
ingestion of 0.22 miUiatom of homocystine sulfur (30 mg. of homocystine) 
in combination with 60 mg. of liver extract (containing 0.38 nuUiatom of N, 
including 0.0051 mM or 0.62 mg. of choline, 0.013 miUiatom of organic S, 
including 0.0043 msi or 0.64 mg. of methionine) is only slightly inferior to 
an equal amoimt of methionine sulfur (32 mg. of methionine). The data 
of Medes, Floyd, and Cammaroti (3) indicate that in an animal growing 1.1 
gm. per day about 7 mg. or 0.045 nm of methionine is deposited dailj' in 
new tissue, and the actual minimum metabolic requirement of labile methj’l 
is likely to be about 3 times as high ((2), foot-note p. 80).'' 

' Under the pre\’aiUng experimental conditions the daily amount of dietaiy 
methionine required for mere maintenance of weight is higher than 7 mg., as in- 
dicated by the following. After completion of the scheduled experiments several 
of the rats were placed on a diet which, instead of 0.83 per cent homocystine, con- 
tained 0.23 per cent (one-quarter of the molar equivalent) of methionine, with all 
other conditions unchanged. Five animals, weighing 93 to 110 gm., lost between 
1.4 and 5.6 gm. during 8 days on this diet; food consumption was limited to 3 gm. per 
day but on several days remained actually below this level. Two of the rats per- 
mitted to eat ad libitum for an additional 8 days lost 0.6 and 3.5 gm. respectively, 
on average dailj' food consumption of 3.0 and 2.4 gm. 
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Fig. 2. Average growth and food consumption in the second experimental series. 
The method of plotting is the same as in Fig. 1 ; the small letters refer to Table I 
(see the te.xt). The following supplements (cf. “Diet and analytical data”) and 
daily amounts were given (orally unless otherwise stated) : Group I, 40 mg. of liver 
e.xtract Lilly (product «); in this group one rat had to be eliminated during the 
test period because of obvious sj'mptoms of illness (listlessness and abdominal dis- 
tension! . This group received the same treatment as that represented by “40 mg. 
LEL” (Curve D), Fig. 1. Group H received 0.235 cc. of solution liver extract par- 
enteral Lederle (y); i.c., 51 mg. of dry substance equivalent in N content to 40 mg. 
of liver extract Lilly («) ; after 10 days the dose was doubled (“ X2’’). Group L was 
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The immediate and sharp weight losses resulting from replacement of 
methionine by homocystine, as compared with the delayed and slow de- 
clines follouing withdrawal of liver extract, are noteworthy, but pending 
further knowledge of the liver factor involved, need not be discussed. The 
fact that wth the restriction in vitamin resources caused by the dietary 
sulfonamide, and only partiallj* compensated by the rice extract, choline 
is as effective in eliciting utilization of homocystine as is the liver e.xtract 
indicates that the active factor in the latter is not one involved in the 
mobilization of the methyl groups of dietary choline (transmethylation). 

Second Experimental Scries — The purpose of this series was to compare a 
number of different liver products with regard to the presence of the im- 
known factor and to ascertain its relation to the antianemia principle 
(since the liver fraction used in the preceding experiments is the one used 
for the treatment of pernicious anemia). Rather than repeat the long 
and costly process of conditioning fresh rats, the test subjects for this 
phase of the work were recruited from the animals used in the preceding 
assay. They were now 16 to 19 weeks old, had been on sulfonamide-con- 
taining diets continuously for 1 1 weeks, and their average weight was 88 
gm.; i.e., 3 gm. higher than at the beginning of homocystine supplementa- 
tion 10 weeks earlier. For the last 2 weeks aU had been fed alike (basal 
diet with homocystine, eight B ^'itamins, including extra biotin and ryza- 
min). Four new groups of three animals each were selected from the three 
pre\dous groups that had been on supplements of 80, 60, and 40 mg. of 
liver extract, in such a manner that each new group contained one rat from 
each of the three pre\-ious groups. For the fifth group of three, one animal 
from each of the pre^dous choline, methionine, and 20 mg. liver extract 
groups was chosen. The resulting new group was used for the testing of 
the liver protein fraction (product v, Table I). The results obtained in the 
comparison of five liver products are siunmarized in Fig. 2, and details 
concerning modes of administration and doses are indicated in the legend. 
Comparison was based on a suboptimiun dose (40 mg.) of the reference 
standard (liver extract Lilly) to permit disclosure of higher concentrations 
of the active principle in any of the other products. 

Discussion — The results indicate that the Cohn fraction G dispensed as a 
solution (product y. Table I) has a similar, though somewhat weaker, 

given 40 mg. of liver extract No. 55 (p) ; after 10 days the dose was increased by 300 per 
cent (**X4”) . Group G received 40 mg, of desiccated liver fraction No. 1 (tp) ; after 10 
days the dose was increased by 170 per cent {**X2.7”)- Group K was fed 0.051 cc. 
of concentrated solution liver extract Lederle (z), t.c. 3.8 mg. of dry substance, 
equivalent in injectable antianemia units to the initial supplement of Group H; 
after 10 days the dose was increased by 300 per cent (** X4”) , For the last 4 days the 
initial dose (0.05 cc.) was given by intramuscular injection ("INJ*'). 



244 


METABOLISM OF HOMOCYSTINE 


activity than the solid Colin fraction G (u), when compared on the basis of 
N content. The fractions less (v) and more (w) soluble in alcohol than the 
Cohn fraction G seem to contain the active agent in small concentrations. 
Thus its distribution within the alcohol-precipitated fractions runs parallel 
to that of the antianemia agent. However, the possibility of the two 
agents being identical appears to be ruled out by the completely negative 
results of the antianemia concentrate (z). In terms of physiologically 
available antianemia units, the dose injected during the last 4 days of the 
latter experiment should be at least 10 times as potent (cf. foot-note, 
Table I) as the oral dose received during the same period by Group H. 
That intramuscular injection represents an effective route of administra- 
of the homocystine activator was established by' a supplementary' experi- 
ment. A rat, after having been transferred from a methionine-containing 
diet to homocy'stine, lost 4.3 gm. in 4 day's; upon daily injection of 0.35 cc. 
of the parenteral liver extract (y) it gained 9.0 gm. during the next 2 weeks. 
Upon discontinuance of the injections the net change for 2 weeks was zero, 
followed by a loss of 10 gm. during another 2 weeks. 

Further characterization of the liver factor effective in homocystine 
utilization is needed, and, except for the immediate response to intra- 
muscular injection, there is nothing in the present evidence which is at 
variance with the hypothesis that the grow'th requirements of the rat may 
be satisfied by methyl compounds elaborated by' intestinal sy'mbionts and 
that the availability of such extraneous methyl groups is conditioned, 
among other factors, by' the preexperimcntal diet (c/. (17)) and by certain 
vitamin-like dietary factors which are not needed rvhen the methyl re- 
quirements are satisfied by' methionine or choline. 

The authors are indebted to Dr. V. du Vigneaud and Dr. J. P. Chandler 
for making available animals of their colony and information pertaining 
to them; to Dr. S. P. Reimann for pathological examinations; to Dr. R. J. 
Williams for a generous gift of folic acid concentrate; to Dr. A. L. Caldwell 
of the Lilly Research Laboratories, Dr. G. H. Hitchings of the Wellcome Re- 
search Laboratories, Dr. M. C. Lockhart of the Lederle Laboratories, Inc., 
and Dr. A. D. Welch of Sharp and Dohme, Inc., for supplying valuable 
products and information. They also wish to thank Dr. D. Iv. O’Leary of 
the E. I. du Pont de Nemours and Company, Inc., for a generous gift of their 
synthetic eff-methionine, and Helen E. Robinson, Dorothy' E. Leaf, Joseph 
J. Kolb, and Herbert M. IVinegard for technical cooperation. 

SUMMARY 

It is shown that the capacity' of rats to grow on a homocy'stine-containing 
diet devoid of other sulfur-containing amino acids and known methyl 
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donors is not a phenomenon limited to a single strain of animals. Experi- 
ments with another strain of rats indicate that the capacity depends on 
internal factors arising from preexperimental nutritional conditions. iVIod- 
ification of intestinal flora by sulfonamide action produces a situation in 
which supplementation of the dietary intamins with rice polishings extract 
permits utilization of methionine, while homocystine cannot be utilized. 
Utilization of homocystine becomes possible when either choline is fed or 
small amoimts of certain liver fractions. Analj’tical data show that 
methionine, choline, or betaine is not their effective component, and com- 
parison of different products indicates that it is not identical with the 
antianemia principle of liver, although its distribution parallels that of the 
latter to some degree. 
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THE INFLUENCE OF PREEXPERIMENTAL FOOD ON THE 
UTILIZATION OF HOMOCYSTINE IN A "METHYL- 
FREE” DIET* 

By MABY ADELIA BENNETT 
(From the Lankenau Hospital Ilescarch Institute, Philadelphia) 

(Received for publication, October 20, 1016) 

It has been suggested in the previous paper (1) that precxperimcntal 
diet may play an important rdlc in the ability of the rat to utilize homo- 
cystine on a "methyl-free”' diet. Rats from another laboratoiy, which 
would not grow on the above diet, acquired definite ability to utilize it 
when fed our itreexperimental colony diet for two generations. This 
colony food, which is of high standard, could influence favorably the liver 
storage of the rats and also their intestinal flora. The importance of the 
latter becomes evident if bacterial synthesis of unknown factoin influencing 
homocystine utilization is involved. 

Results of the experiments conducted in this laboratory with a methyl- 
free homocystine diet containing 2 per cent sulfasuxidine (2, 1), suggest 
that bacterial synthesis does play a r61e in metbylation under conditions 
of dietary' labile methyl deficiency. A recent report by du Vigneaud cl al, 
(3) gives evidence, by means of DjO, of the synthesis of small, b\it not 
insignificant amounts of labile methyl groups by the white rat on a diet 
adequate in these groups (20 per cent casein). Intestinal bacterial syn- 
thesis is suggested as the most logical interpretation of their results. 

SLx rats, from our previous set of experiments (1), that had lost their 
ability to utilize homocystinc, due to having lived 5 months on a 2 per cent 
sulfasuxidine methyl-frcc diet, were available for further study. These 
rats had experienced short periods of growth, due to the fact that they had 
received labile methyl groups and liver extract in their diets at intervals 
during the course of the experiment; but whenever these were withdrawn 
and homocystine alone was present, they ceased to grow. It seemed 
worth while to find out whether these animals could regain their ability to 
grow on a methyl-free homocystinc diet if put back on the colony food for 
several weeks. 

* Aided by a grant from the McNeil LaboratoricB, Inc., Pliiladclpbia. 

* The term “methyl -free” is used to designate the absenre of knov/n dietary 
methyl donors. 
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Fig. 1. Growth and food consumption curves. The weight figures are plotted 
every other day and daily basal food consumption is shown as the average of consecu- 
tive 2 day periods. “He” designates homoej'-stine; the arrows over the food curves 
for the 1.25 per cent homocystine period indicate that the diet was restricted (see 
the text). 

Diels 

The colony diet contains liver, eggs, fish, cheese, peanuts, yeast, carrots, 
lettuce, tomatoes, oranges, cabbage, oats, checkers (Purina), milk with 
navitol and zygon (Squibb), bone meal, and salt rings (4). 

The experimental diet was that described in the previous paper (1). 
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EXPEULMENTAL 

Rats 26 and 29; 33; 43 and 44 were bom ■within 3 days of each other and 
represent three litters; they were started on the basal diet at approximately 
0 weeks, Rat 16 from a fourth litter at 7 weeks of age (c/. Fig. 1). The 
initial weights are given 2 weeks before starting the basal diet, at ■v\-hich 
time the rats were eating colony food. At the end of these 2 weeks they 
■a-ere depleted for 8 days on the methyl-free basal diet containing 2 per cent 
sulfasuxidine; 1.25 per cent homocj'stine ■was then added and after the first 
day the diet was restricted to 3 gm. (4 gm. for Rat 16) in order to prevent 
toxicitj' due to overeating (cf. (1)). The cur\’es for this 10 day period 
demonstrate the usual response of our rats to homocystine: five grew. Rat 
16, for some unkno^wn reason, being an exception; at this stage the sulfa- 
suxidine had not had time to become effective. The next 120 days are 
omitted, as they pertain to the previous paper. At the end of the 120 day 
period when the rats had been on sulfonamide for 138 days, a final 10 day 
period is recorded showing the response of these rats to an ad libitum 0.83 
per cent homocystine diet containing 2 per cent sulfasuxidine. It is e^vident 
that they had lost'their abihty to utilize homotystine, and their food con- 
sumption had definitely dropped. The animals kept in the same cages were 
then put back on the original colony food (no sulfasuxidine) for 3 weeks,- de- 
pleted as before for 8 days, then fed ad libilum the same 0.83 per cent 
homooystine diet containing 2 per cent sulfasuxidine. Five rats responded 
to this diet and grew at practically the same rate as they had on the previous 
(restricted) 1.25 per cent homocystine regimen; their food consumption 
greatl}- increased. The fact that Rat 16 failed again to respond to a 
homocystine diet indicates that a factor of indiridual constitution also 
plays a role. After this 10 day- period the rats were killed, an autopsy 
performed, and histopathological examinations were made of the livers 
and kidneys; the results are reported below (cf. (4)). 

Bistopathdlogy 

The livers of aU six rats showed severe parenchymatous and fatty de- 
generation; the severity of these symptoms was most pronounced in Rats 
44 and 16. Rat 33 showed, in addition, slight early cirrhosis. 

The kidneys of aU six rats showed general degeneration -with the major 
change in the tubules; there was also some hemorrhage. Rats 44 and 
16 manifest the most severe pathological changes. 

’ It is of interest to note that apparentb' the rats retained their ability to hy- 
drolyre protein during 5 months on an amino acid mi.xture, as evidenced by their 
growth response when returned to the colony diet. 
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SUMMAKY 

Rats Avhich could utilize homocystine for growth on a “methyl-free” 
diet lost this ability after having lived 5 months on the same diet plus 2 
per cent sulfasmxidine. However, this capacity was regained after the 
animals had been put back on the preexperimental colony food for an in- 
ter\’al of 3 weeks. These results seem to add e\ddence in support of the 
theory of bacterial synthesis of unknowoi factors influencing homocystine 
utilization; at least, the 3 ' demonstrate that the mechanism involved can be 
reestablished by a return to our colonj' diet. 

The author wishes to thank Dr. A. J. Donnelly and Helen E. Robinson 
for the histopathological report. 
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THE ANTIINOSITOL EFFECT OF 7 -HEXACHLORO CYCLO- 
HEXANE* 

Bt S. laRPOV'OOD AND PAtTL H. PHILLIPS 

{From the Department of Biochemistry, College of Agriculture, Vnirersity of 
{Wisconsin, Madison) 

(Received for publication, Januars’ 24, 1946) 

It has been reported by Slade (1) that the insecticidal action of the mix- 
ture of the four hexachlorocyclohexanes forming the insecticide “666” 
is almost entirely due to the y isomer. Further, IMooney (1) has pointed 
out the resemblance between the hexachlorocj’clohexanes and the cj’clo- 
hexitols. Slade states that the English workers have presumptive eid- 
dence that the y isomer has the same spatial configuration as f-inositol. 
Their e^dence was based upon infra-red spectroscopj' and the relative 
probabilitj’ of the formation of each isomer as compared mth the actual 
occurrence of the isomers in the crude preparation of he.xachlorocyclo- 
hexanes. They postulated further that the insecticidal action of the 
active isomer might be due to its interference with the inositol metabolism 
of the insect. 

Dacey, Colucci, and Kirka'ood* attempted to determine the spatial con- 
figurations of the hexachlorocyclohexanes. All attempts to convert the 
isomers to cyclohe:dtols, whose configurations could be determined by the 
method of Dangschat and Fischer (2), were unsuccessful. Biological 
evidence is now available which indicates that the insecticidal y isomer has 
the same configuration as i-inositol. The purpose of this report is to 
present data which show that y-hexachlorocj'clohexane inhibits the growth 
of a yeast which requires an exogenous source of inositol and that the 
effect of the y isomer is reversible upon the addition of sufficient i-inositol. 

EXPERIMENT.VL 

The approach to this problem seemed possible through the use of an 
inositol-requiring organism, an inositol-free medium, and the administra- 
tion of graded concentrates of the cyclohexanes and of f-inositol. 

The Gebriider Mayer strain of Saccharomyces cerevisiae was chosen as 
the test organism. The medium employed was that of Williams el al. 
(3) modified by the omission of the calf liver supplement and the inclusion 

• Published with the approval of the Director of the Wisconsin .\gricultural E.v- 
periment Station. 

* Dacey, J. R., Colucci, J., and Kirkwood, S., unpublished data, Canadian National 
Research Council, 1944. 
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of the non-dialyzable portion of 5 gm. of rice bran extract (vitab) perliter. 
Inocula were grown for 24 hours on the basal medimn supplemented with 
2 7 of f-inositol per ml. The cells were collected by centrifugation, washed 
three times with the basal mediiun, and suspended in sufficient basal 
medimn to give a reading of 85 on the Evelyn colorimeter, with a No. 
660 filter, on which the reading for the basal medium is 100. The inoculum 
consisted of 1 drop of this cell suspension. The incubation period in aU 
cases was 18 hours at 30°. 



ADDED INOSITOL MICROGRAMS/ML. 

Fig. 1 . The effect of added t-inositol on the growth of the Gebriider Mayer strain 
of yeast in media containing hexachlorocyclohexanes. Curve 1, control; Curve 2, 
20 7 of /3 isomer per ml.; Curve 3 , 40 7 of a isomer per ml.; Curve 4 , 50 7 of S isomer 
per ml.; Curve 5, 60 7 of 7 isomer per ml. 

Assay Procedure — ^To a 40 ml. portion of the basal medium containing the 
desired level of inositol was added 1 ml. of an ethyl alcohol solution of the 
appropriate isomer. The .alcohol solution of the isomer was of such a 
concentration that it gave the desired test concentration in the 40 ml. 
of medimn (20 to 60 7 per ml.). Three 11 ml. aliquots of this medium 
were placed in 50 ml. Erlenmeyer flasks which were sterilized in an auto- 
clave (15 pounds for 15 minutes), inoculated, and incubated as described. 
The contents of each flask were then examined quantitatively for turbidity 
in an Evelyn colorimeter with a No. 660 filter. 

Preparation of Isomers — mixture of the hexachlorocyclohexanes was 
prepared by passing dry chlorine gas through benzene refluxing in a Pyrex 
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flask irradiated by a mercury vapor lamp. The crude mbrture of isomers 
readily cn’stallized when the excess benzene was removed under reduced 
pressure. The four isomers were separated by the procedure of van der 
Linden (4). The ipelting points of the preparations agree well with those 
reported by the English workers; i.e., a 158°, /3 309°, y 112°, and S 139°. 

Results 

The results are shown in Fig. 1 . Growth, as indicated by tiu-bidity, was 
plotted against micrograms of purified i-inositol added to the media.= 
The Gebruder Mayer strain of yeast requires 1 7 of i-inositol per ml. for 
maximal growth. The a, (3, and 0 isomers at the limit of their solubility 
in the medium, that is 40, 20, and 50 7 per ml. respectively, inhibited the 
growth of the Gebruder Mayer yeast. The inhibition produced bj' a 
and /3 isomers was comparatively slight, while that produced by 5 was 
more pronounced. Slade (1) has reported these compounds to be rela- 
tively inactive as insecticidal agents. However, in all three cases the 
inhibition was not affected b}' the addition of inositol. The 7 isomer 
markedlj’ inhibited growth of the yeast at the limit of its solubility (60 
7 per ml.). This inhibition was progressivelj' but not completely reversed 
by the addition of from 1 to 6 7 of t-inositol per ml. of medium. Astrain 
of yeast which did not require an exogenous source of inositol was only 
slightly inhibited b 3 ' the 7 isomer. 

DISCUSSION 

The fact that the inhibition of Gebruder Maj-er j'east growth by 7 - 
hexachlorocyclohexane was reversed by t-inositol offers e.xcellent biological 
evidence that the 7 isomer has the same spatial configuration as i-inositol. 
Evidence is accumulating in the literature which points to the close struc- 
tural similarity between mutuallj’’ antagonistic substances. This subject 
has been abh' reviewed bj' Welch (5). It is assumed in this case that 7 - 
hexachlorocyclohexane inhibits inositol metabolism bj^ means of the spatial 
configuration of its chlorine atoms, which enables it to block effectivelj" 
the normal function of i-inositol. Further, the low molecular inhibition 
ratio’ c.-/c„ = 30 (Mcllwain ( 6 )) in this case would indicate a verj' close 
structural similarity to i-inositol. The ratio would indicate that the 
chlorine atoms in the isomer are arranged spatiallj- above and below the 
ring in the same manner as are the hj'droxyl groups in i-inositol (Dangs- 

’ The j-inositol used in this experiment was graciously supplied by Dr. H. .4. 
Lardj-. It was prepared from recrietallired hexapropionylinositol by catalytic 
saponification. 

* Ci is the molar concentration of inhibitor necessary to prevent the gro'wth of an 
organism in the presence of a molar concentration of metabolite, c,,. 
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chat and Fischer (2)). These data lend support to the hypothesis of the 
English workers (1) that the y isomer exerts its insecticidal action by 
interfering with the inositol metabolism of the insect. 

SUMMARY 

y-Hexacldorocyclohexane inliibited the growth of the Gebriider Mayer 
strain of Saccharomyces ccreuisiac. This inhibition Avas found to be re- 
versible by the addition of j-inositol. 

The other three known hexachlorocyclohe.xanes inhibited the groAVth of 
Gebriider Mayer yeast to a slight degree but this inhibition Avas not re- 
versible by t-inbsitol. These data correlate closely Avith their demon- 
strated ineffectiveness as insecticidal agents. 

These data suggest that the spatial configuration of the y isomer is 
similar to that of f-inositol and further support the liA'pothesis that the 
y isomer exerts its insecticidal action by interfering AAdth the inositol 
metabolism of the insect. 
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THE ACTHTTY OF “LACTOBACILLL'S CASEI FACTOR,” 
“FOLIC ACID,” AND “VITAiMIX B.” FOR STREPTOCOCCUS 
FAECALIS AXD LACTOBACILLUS CASEI 

Bt B. CONNOR JOHNSON* 

(From the Division of Animal Nutrition, University of Illinois, Urbana) 
(Received for publication, Januarj- 24, 1946) 

It has been established that the terms vitamin !M, vitamin Be, norit 
eluate factor, Lactobacillus casei factor, factor U, folic acid, and factor 
SLR all refer to a group of compounds (or a compound) uith similar char- 
acteristics and similar biological activities. Of these factors sev'en have 
been reported in purified form: folic acid (isolated from spinach) (1), 
three L. casei factors (one from liver, one from yeast, and one from a fermen- 
tation residue) (2, 3), sjuthetic liver L. casei factor (4), vitamin Be (from 
liver or yeast) (5), and factor SLR (6). 

Pure folic acid was originally (1) assigned a potency of 40,000 (t.e. the 
pure compound was said to be 40,000 times as active as Wilson’s liver 
fraction B). In the work reported from this laboratory (7) on the excretion 
of folic acid in sweat and urine, a folic acid concentrate furnished by Dr. 
R. J. Williams was used as standard, and the results were reported in terms 
of 40,000 potenc}’. However, other active compounds have become avail- 
able in pure form and ^Mitchell, Snell, and Williams (8) have reported a 
folic acid concentrate udth a potency of 137,000. Therefore, in order to 
obtain a means of comparing data reported on the basis of 40,000 potency 
folic acid with data based on pure compounds as standards, the relative 
activities of vitamin B^, folic acid concentrate, sjmthetic Lactobacillus casei 
factor, and fermentation L. casei factor for Streptococcus faecalis and L. 
casei were determined. The activities of several of these materials in terms 
of requirements for half ma.ximum growth have been reviewed bj' Luckey, 
Teply, and Elvehiem (9) and by Peterson and Peterson (10). 

EXPERIMEXT.VL 

Streptococcus faecalis Assay — Streptococcus faecalis folic acid assays were 
carried out by the procedure of Luckey, Briggs, and Elvehjem (11) modified 
by the inclusion of 5 cc. of Salts B (12) and the replacement of pyridoxine 
by 100 y of pyridoxamine per 500 cc. of double strength medium. Turbid- 
ities were read at 650 mp with the Coleman universal photoelectric color- 
imeter after 16 hours incubation at 30°. 

* We wish to acknowledge the technical assistance of Shirley Spaeth. 
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The activities of the following materials were compared: (a) a 7.7 per 
cent folic acid concentrate of potenc 3 ’' 3100 (1) kindlj’- supplied by Dr. 
R. J. Williams of the University .of Texas, (6) a solution of crystalline 
vitamin (5) kindly furnished b 5 ' Dr. O. D. Bird of Parke, Davis and 
Company, (c) a solution of crystalline Lactobacillus casei factor (3) and 



Fig. 1. Comparison, of'activity of different “folic acid” standards for Streptococ- 
cus faccalis. 

(d) synthetic Lactobacillus casei factor (4) both kindly supplied by Dr. 
E. L. R. Stokstad of the Lederle Laboratories, Inc. 

The dose-response curves for these compounds on the growth of Slrep- 
iococcus faecalis are given in Fig. 1. The folic acid is plotted both on 
the basis of 40,000 potencj" as usual and also on the basis of 137,000 potency. 

Laclobacillus casei Assay — Two methods of assay were used: the Landy 
and Dicken method (13) modified by the addition of 10 y of p-aminobenzoic 
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acid and the replacement of the pyridoxine by 100 y of pyridoxal per 500 
cc. of double strength medium, and the method of Teplj* and Elvehjem 
(14). With both methods the tubes were titrated after 72 hours incubation 
at 37°. 

The same materials were compared as to relative activity for Laciobacillus 
casei as had been tested with Streptococcus faecalis and the dose-response 
curves are plotted in Fig. 2. For these assays the medium of Teplj' and 
Elvehjem was used. While the relative actmties of the four standards 
were the same by the modified Landj' and Dicken medium, the total 



Fig. 2. Comparison of activity of different “folic acid” standards for Lactobacil- 
lus casei. 


amoimt of acid produced was much less. In Fig. 2 the Texas folic acid 
concentrate is plotted on the basis of 137,000 potency only. 

DISCUSSION 

From Fig. 1 it is evident that Lederle synthetic iKtcidbadllus casei 
factor, Parke-Davis vitamin B,,, and Texas folic acid, calculated on the 
basis of 137,000 potency for the pure material, have equal activities for 
Streptococcus faecalis. Lederle fermentation Laclohacillus casei factor has 
only one-twentieth of the potency of these other materials. These data 
indicate that the first three materials are the same compound. 
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Some differences in activity are indicated in Fig. 2. However, in view 
of the lack of difference in response with Streptococcus faecalis, these differ- 
ences may not be significant. These curves were obtained with the Teply 
and Elvehjem (14) medium with 1 mg. of norit-treated peptone per tube. 
The differences in the graphs may represent the effect of traces of other 
materials present rather than different compounds possessing different 
activities. 

The half maximum doses for the compounds calculated from Fig. 2 are 
vitamin Be 0.50 millimicrogram per tube, Lederle sjmthetic Lactobacillus 
casei factor 0.70 millimicrogram per tube, and Texas folic acid (137,000 
potency) 0.80 millimicrogram per tube and L. casei factor 3.7 milli- 
micrograms per tube. These figures agree favorably with those sum- 
marized by Luckey, Teply, and Elvehjem and by Peterson and Peterson 
(10). It was found that by changing the amount of horit-treated peptone 
in the Teply and Elvehjem medium (14) these half maximum doses could 
be changed. Eliminating the peptone increased the half maximum dose 
for Texas folic acid from 0.80 millimicrogram to 1.0 millimicrogram 
per tube, and increasing the peptone from 1 mg. to 2 mg. per tube decreased 
the half maximum dose for vitamin Be from 0.50 millimicrogram to 
0.35 millimicrogram per tube. The inverted dose-response curves to the 
crystalline L. casei factor (from a fermentation residue) was reported 
previously (7) and has recently been confirmed by Dr. E. L. R. Stokstad.* 
Day et al. (15) have reported that treatment of a similar preparation with 
enzyme greatly increased its activity toward Streptococcus faecalis. 

Because three of the standard materials had equal activities for Strepto- 
coccus faecalis and Lactobacillus casei, it was decided to compare the ac- 
tivities of other materials for these two organisms, following enzymatic 
digestion. The values obtained for Difeo yeast extract were 84 7 per gm. 
for Lactobacillus casei and 83.5 7 per gm. for Streptococcus faecalis. The 
enzyme used Avas desiccated hog kidney prepared by the method of Bird 
et al. (16). Other materials assayed did not give similar values A\'ith the 
tAVO organisms. This may be due either to incomplete enzjnmatic liberation 
of the conjugates present in the other materials or merely to different rel- 
ative activities of related compounds, as has been found for biotin and its 
AO tamers (17), pyridoxin e and its metabolites (18), and nicotinic- acid and 
nicotinamide (19). 

StJMMARY 

1 . A comparison AA'as made'of the activities of four different “folicacid”- 
active materials: synthetic “Lactobacillus casei factor” (Lederle), “L. casei 
factor” (Lederle), “vitamin Be” (Parke-DaAus), and “folic acid” concentrate 
(Texas) as growth factors for Streptococcus faecalis and L. casei. 


> Private communication. 
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2. The synthetic “Ladobadllus casei factor,” “vitamin Be,” and “folic 
acid” calculated on the basis of 137,000 potency for pure “folic acid” were 
found to be equally active for Streptococcus faecalis and almost equalh* 
active for Lactobacillus casei, with 'S-itamin B" exhibiting the greatest 
actinty and “folic acid” the least. 

3. Yeast extract alone gave equal assay values with both oiganisms 
when various materials were assayed folloiving digestion with “\itamin Be 
conjugase.” 


BIBUOGR-IPHY 

1. Mitchell, H. K., Snell, E. E. and Williams, R. J., J. Am. Chem. Soc., 63, 22S4 

(1941). 

2. Stokslad. E. L. R., J. Biol. Chem.. 149, 573 (1943). 

3. Hutchings, B.L.jStokstad, E. L. R.,Bohonos,X.. andSIobodkin, X.H.,, Science, 

99. 371 -{1944). 

4. itngier, R, B., Boothe, J. H., Hutchings, B.L.,Moicat,J.H., Semb, J., Stokstad, 

E. L. R., SubhaRow, Y., Waller, C. W., Cosulich, D. B., Fahrenbach, M. J., 
Hultquist, AI. E., Kuh, E.. Xorthey, E. H., Seeger, D. R., Sickles, J. P.. and 
Smith, J. M., Jr., Science, 102. 227 (1945). 

5. Pfiffner, J. J., Binklej-, S. B., Bloom, E. S., Brown, R. .\., Bird, O. D., Emmett, 

.\. D., Hogan, .\. G., and O’Dell, B. L., Science, 97, 494 (1943). 

6. Keresztesj-, J. C., Rickes, E. L., and Stokes, J. L.,Sriencc, 97, 453 (1943). 

7. Johnson, B. C., Hamilton, T. S., and Mitchell, H. H., J. Biol. Chem., 1B9, 425 

(1945). 

S. Mitchell, H. K., Snell, E. E., and Williams, R. J., J. Am. Chem. Soc., 66, 267 
(1944). 

9. liUckey, T. D., Teply, L. J.. and Elvehjem, C. A., Science, 100, 201 (1944) . 

10. Peterson, W. H., and Peterson, M. S., Bac/. Per., 9, 49 (1945). 

11. Luckey, T. D., Briggs, G. M., Jr., and Elvehjem, C. .4., J. Biol. Chem., 152, 157 

(1944). 

12. Snell, E. E., and Strong, F. M., Ind. and Eng. Chem., A nal. Erf., U, 346 (1939). 

13. Landy, M., and Dicken, D. M., J. Lah. and Clin. Med., 27, 10S6 (1942). 

14. Teply, L.J., and Elvehjem, C-. 4., J. Biol. CAem., 157, 303 (1945). 

15. Day, P. L., Mims, V., Totter, J. R., Stokstad, E. L. R., Hutchings, B. L., and 

Sloane, N. H., J. Biol. Chem., 157. 423 (1945). 

10. Bird, O. D., Bressler, B., Brown. R. A., Campbell. C. J., and Emmett, -4. D., 
J. Biol. Chem., 159, 631 (1945). 

17. Stokes, J. L., and Gunness, M., J. Biol. CAem ., 157, 121 (1945). 

18. Snell, E.E., and Rannefeld, .4. X..rf. Biol. CAem., 157, 4i5 (1945). 

19. Johnson. B. C., J. Biol. Chem.. 159. 227 (1945). 






THE MECHANISM OF IN ^TTRO AND IN ^T\■0 INHIBITION OF 
CHOLINESTERASE ACTmTY BY DIISOPROPYL 
FLUOROPHOSPHATE 

Bt ABRAHAM ^L\ZUR* and OSCAR BODAN'SKY 

(From the Biochemistry Section, hledical Dirision, Chemical Warfare Serrice, 
Edgcvcood Arsenal, ifaryland 

(Received for publication, Xovember 17, 1945) 

The alkj’l fluorophosphates were described by Lange and Krueger (1) 
in 1932. Of this series of compounds, several have been studied in detail 
because of their marked toxicity. One of these compounds is diisopropj-1 
fluorophosphate, a clear colorless liquid, which is only slightly soluble 
in water and soluble in organic solvents. The similarity between the 

C,H,0 O 

\ / 

P 

/ \ 

CiHjO F 

choliner^o effects of the fluorophosphates and those of physostigmine was 
noted by the British workers, McCombie ei al.,'- and by Adrian and his 
group.* The theory of chemical mediation of the transmission of ner\-e 
impulses through the autonomic ner\"ous sj'stem identifies acetj’lcholine 
as the mediator. The presence of the enzyme, cholinesterase, at sites where 
acetylcholine is liberated by the nerve impulse leads to the rapid hydroh’sis 
of acetylcholine. Since physostigmine decreases the acti\’ity of cholin- 
esterase in vitro, it is presumed that the acetylcholine-like action of physo- 
stigmine is due to a similar enzjmie inhibition in vivo, with resultant accumu- 
lation of acetylcholine. Because of the physiological similarity of 
diisopropyl fluorophosphate and physostigmine, Mackworth’ studied the 
effect of incubating alkyl fluorophosphates with horse serum cholinesterase. 
He observed inactivation of the enzyme. 

The present work is concerned with a study of the mechanisms of the 
in vitro and in vivo inhibition of the cholinesterase actmties of serum, red 
blood cells, and tissues in the rabbit, monkey, and man by diisopropyl 
fluorophosphate. 

* Present address. Department of Medicine, Cornell University Medical College, 
Near York, Xew York. 

‘McCombie, H., Adrian, E. D., Kilby, B. A., and Kilby, M., personal communi- 
cation (1941). 

’Adrian, E. D., Kilby, B. X., and Kilby, M., personal communication (1942). 

’Mackworth, J. F., personal communication (1942). 
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CHOLINESTERASE INHIBITION 


EXPERIMENTAL 

The method for the determination of cholinesterase activity was 
essentially that of Ammon (2). The production of acetic acid from acetyl- 
choline w'as followed at 38° by means of the liberation of carbon dioxide from 
a bicarbonate-carbonic acid buffer in Warburg vessels. In the final 
reaction mixture of 4 cc., the concentration of acetylcholine was 0.015 m, 
except ■when otherwise stated; that of the NaHCOs was 0.04 m (pH 7.7) and, 
in some earlier experiments, 0.025 m (pH 7.5). The vessels were gassed at 
38° with a mixture of 95 per cent nitrogen and 5 per cent carbon dio.xide. 
At zero time, the enzyme preparation in the side arm was tipped into the 
acetylqholine-bicarbonate solution in the main compartment of the vessel, 
and readings begun 10 minutes after tipping. 

The various enzyme sources studied were those of serum or plasma, red 
blood cells, muscle, and brain of the rabbit, rhesus monkey, and man. 
Rabbit serum was used undiluted; monkey and human sera or plasmas 
were diluted 1 : 5 vith 0.025 m NaHCOs. Red cells were centrifuged and 
washed t-wice with 5 volumes of saline and made up to 4 times their original 
volume -with 0.025 M NaHCOa. This served to dilute as well as hemolyze 
the cells. Muscle enzyme preparations were made by extracting the tissue 
according to the method of Click (3); 5 cc. of 0.025 m bicarbonate were used 
per gm. of tissue. The extract was then centrifuged and the supernatant 
used for the determination of enzyme activity. Brain extracts were made 
according to the method of Click (3), that of Mendel and Rudney (4), or by 
homogenization of the tissue with 5-fold its weight of 0.025 m NaHCOs 
in a Waring blendor. 0.5 cc. of such supernatant fluids or suspensions 
was used for determination of enzyme acti'^dty. 

The measurement of reaction velocity was taken as that volume of COj, 
in c.mm., produced in 30 minutes during the straight line portion of the 
time-action curve. Correction was made for non-enzymic hydrolysis of 
acetylcholine. As ■will be shown later, for rabbit serum a straight line 
relationship holds for the first 40 per cent hydrolysis of the substrate, and 
for periods usually longer than 30 minutes. In those instances in which 
direct proportionality between time and extent of action did not hold for as 
long an interval as 30 minutes, the CO 2 produced during the initial straight 
line portion of the reaction was taken as the measure of the reaction velocity 
and calculated for a 30 minute period. In the study of the hydrolysis of 
esters other than acetylcholine, the technique of measuring the activity 
was the same as that described above. The concentrations of these esters 
have been indicated at the appropriate places in the text or tables. 

Rabbits, monkej's, and men were exposed to several concentrations of 
diisopropyl fluorophosphate for varying periods of time, as described in the 
•text. In certain e.xperiments, freshly prepared solutions of diisopropyl 



A. MAZUR AND O. BODAKSKT 


263 


fluorophosphatu in saline were injected intravenously. Samples of blood, 
for determination of cholinesterase activitj', were taken before and at 
various desired intervals after exposure to or injection of the fluorophos- 
phate. For purposes of comparison, enzyme acti^ties were expressed as 
per cent of the cholinesterase activity before exposure or before injection. 
Each animal thus served as its onm control for the red blood cell and serum 
studies. Normal brain cholinesterase acthdties were determined on a 
series of untreated animals. 

Samples of the inspired air, containing diisopropyl fluorophosphate, were 
withdrawn during the course of the experiments, and the concentration of 
diisopropyl fluorophosphate that the animals had been exposed to was 
determined. In those cases in which animals were sacrificed, they were 
killed bj’ the intravenous injection of air and the brain was removed. 

Results 

Kinetics of Action of Cholmcstcrase on Acetylcholine in Presence of Diiso- 
propyl Fluorophosphate — A considerable number of enzyme reactions 
are of zero order during the initial stage. This relationship has been shown 
to hold for cholinesterase (5, G). In the present study, the amount of 
acetylcholine used should, upon complete hydrolysis, vdeld 1344 c.mm. of 
COj at standard conditions. In Fig. 1 it maj- be seen that the action of 
rabbit serum cholinesterase for 130 minutes resulted in the production of 
538 c.mm. of CO* or 40 per cent hydrolj'sis of the substrate. During this 
period, the time-action plot Is a straight line. This relationship also held 
in the presence of diisopropyl fluorophosphate. The reaction was of zero 
order in the presence of diisopropyl fluorophosphate and indicated that the 
inhibitor was not producing a progressive inactivation of the enzjme. 
The hydrolysis proceeded as if less enzjTne were present. Other tj-pes of 
cholinesterases also showed a zero order reaction during the first 40 per 
cent hydrolysis of 0.015 m acetylcholine. Among these were human muscle, 
human and monkej’ red blood cell, and human serum cholinesterases. 
On the other hand, noth monkey serum cholinesterase there was a definite 
deviation from a zero order reaction during this portion of the hydrolysis. 
Thus in one case of monkey serum the amount of CO. liberated from 
10 to 40 minutes after the start of the reaction was 12S c.mm., from 40 to 
70 minutes 89 c.mm., from 70 to 100 min utes 86 c.mm., and from 100 to 
130 minutes 60 c.mm. The presence of diisopropyl fluorophosphate tended 
to accentuate this progressive decrease in reaction velocity. 

In Vitro Inhibition of Cholinesterase Activity by Diisopropyl Fluorophos- 
phate and by Physostigmine — ^The inhibition of the actmties of serum, red 
blood ceD, muscle, and brain cholinesterases of the rabbit, monkey, and 
man was determined at various concentrations of diisopropyl fluorophos- 
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phate and ph 3 'Sostigmine. In Table I are shown the cholinesterase activi- 
ties of rabbit, monkey, and human sera at concentrations of fluorophosphate 
ranging from 10~® to 10“^“ M. The reaction velocities are expressed as 
per cent of the reaction velocities of the cholinesterases in the absence of 
the fluorophosphate. In order to obtain a general measure of the extent 
of inhibition of the different cholinesterases, the relative velocities were 
plotted against the negative logarithm of the molar concentration of di- 
isopropyl fluorophosphate or physostigmine. The negative log molar con- 



Fig. 1 . Effect of diisopropyl fluorophosphate on the course of hydrolysis of acetyl- 
choline by rabbit serum. O represents hydrolysis in absence of inhibitor, # in 
presence of 1 X I0~'‘ m, and A in presence of 5 X 10"^ m diisopropyl fluorophosphate. 

centration at wliich 50 per cent inhibition occurred tvas termed the pCi 
value. These values for various enzyme preparations are shotvn in 
Table II. 

It may be seen that of the various serum cholinesterases studied that of 
the rabbit was least sensitive to inhibition by diisopropyl fluorophosphate. 
Thus a negative log molar concentration of 4.1 of diisopropyl fluorophos- 
phate was necessarj’^ for 50 per cent inhibition of rabbit serum cholin- 
esterase, whereas concentrations about 0.0001 as much (negative log molar 
values of 7.7 to 8.3) gave 50 per cent inhibition of monkey, human, and 
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Table 1 


n Vitro Inhibition of Rahhitf Monket/t and Human Serum Cholinesterase bi/ Diiso- 
propyl Fluorophosphate 


Ne^llvt lo? molar con- 
centration of diisopropyl 
floorophosphate 

Serum dioUnesteraae activity 

Rabbit 

Monkey 

Man 


per cer.t ef n^mal 

per cent ef nerr^aX 

per unt ef nemcl 

3.0 

7 


8 

3.3 

10 



4.0 

42 

0 

9 

4.3 

55 



4.6 

67 



5.0 

76 

0 

10 

5.3 

80 



5.5 

82 



5.6 



9 

5.8 

85 



6.0 

85 

3 


6.3 

91 



7.0 


5 

9 

7.3 



29 

7.6 


51 

49 

7.8 



59 

8.0 


75 


8.3 



74 

8.6 


93 


9.0 

96 

95 


10.0 



85 


Table II 

Sensitivity of Various Cholinesterases to Inhibition by Diisopropyl Fluorophosphate 

and Physostigmine 


The values are expressed in terms of the negative log of the concentration of 
inhibitor required to produce a 50 per cent inhibition of cholinesterase activity 
CpC). 



Scrum 

Red 

blood 

cells 

Moscle 

Brain 

Diisopropyl fluorophos- 






phate 

Rabbit 

4.1 

5.2 


oTo 


Monkey (Macacus rhesus) 

7.8 

5.5 


5.5 


Human 

TTT 

5.4 

5.4 

6.0 


Horse* 

S.3 





" (purified) 

8.1 




Phj'sostigmine 

Rabbit 

5.9 





Human 

6.7 


6.1 



* Purified horse serum cholinesterase was obtained from Dr. Kunitz and Dr. 
J^orthrop. 
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hoi-se serum cholinesterase activity. The various red cell cholinesterases 
showed approximately the same degree of sensitivity toward inhibition by 
diisopropyl fluorophosphate (pCi values of 5.2 to 5.5), whereas human brain 
cholinesterase (pCj = 6.0) was somewhat more sensitive than monkey or 
rabbit brain cholinesterase (pCi = 5.5) to inhibition by diisopropyl fluoro- 
phosphate. Purified cholinesterase of the electric eel gave a pCi value 
of 4.1,“ 

As will be seen later, when the in vivo results are discussed, it is of interest 
to compare the sensitivities of the various tissue cholinesterases from one 
species to inhibition bj'' diisopropyl fluorophosphate. Rabbit brain and 
red blood cell cholinesterases showed a greater sensitivity than did serum 
cholinesterase; brain showed the greatest sensitivity. Thus, a 50 per 
cent inhibition of serum cholinesterase activity occurred at a negative log 
of the molar concentration of diisopropyl fluorophosphate of 4.1, whereas 
the same degree of red cell and brain cholinesterase inhibition occurred 
at values of 5.2 and 5.5 respectively. Monkej" serum cholinesterase was 
much more sensitive to inhibition b 3 ' diisopropjd fluorophosphate than red 
cell or brain cholinesterase. Human serum cholinesterase Avas much 
more sensitive to inhibition bj' diisopropyl fluorophosphate than human 
red cell or brain cholinesterase. This picture is similar to that found in 
the monkey and is in marked contrast to that observed in the rabbit. 

Table II also shows the sensitivities of rabbit serum, human serum, and 
muscle cholinesterases to inhibition by physostigmine. It maj' be seen 
that rabbit serum cholinesterase was more sensitive to inhibition by 
physostigmine (pCi = 5.9) than bj' diisopropyl fluorophosphate (pCj = 
4.1), whereas the reverse was true with human serum cholinesterase. 

The possibility existed that the differences in sensitivity of different 
cholinesterases to inhibition b\' diisopropyl fluorophosphate were due to 
materials, other than the enzj’-mes themselves, present in the preparations. 
Table II shows that a purified horse serum cholinesterase preparation had, 
within experimental error, the same pCj value as horse serum itself. Table 
III illustrates one of several experiments which were carried out to show 
that sensitivity to inhibition bv diisopropjd fluorophosphate was not de- 
pendent upon accompamdng materials present in enzyme preparations. 
Human brain extract was heated to destroy its cholinesterase activity and 
added to human serum. The cholinesterase activity' of the serum-brain 
mixture was then determined at various concentrations of diisopropyl 
fluorophosphate. The pCi value for the mixture was 7.7, the same as that 
found for human serum cholinesterase itself (Table H). 

In Vivo Inhibition of Cholinesterase Activity by Diisopropyl Fluorophos- 
phatc — In Table IV, A are presented the results of the effect of diisopropjd 

■‘This prep.-iration -vvas obtained from Dr. D. Nachmansohn. 
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fluorophosphate inhalation on the serum, red blood cell, and brain cholin- 
esterase acti\’ity of rabbits. It may be seen that at the liigher exposures 
sjTnptoms were acute; one animal. Rabbit 354, died in the gas cliamber and 
another, Rabbit 35G, died 10 minutes after the beginning of exposure; the 
third, Rabbit 355, survived. The red cell cholinesterase activities in all 
of the animals after exposure were zero. Some cholinesterase activity 
was present in the serum of the two rabbits. Nos. 355 and 356. Itma}' be 
recalled that the in vitro results indicated that rabbit red cell cholinesterase 
was more sensitive to inhibition by diisopropyl fluorophosphate than serum 
cholinesterase. This effect paralleled the in vivo results. At the ne.xt 
lower ex-posure, no symptoms except miosis were observed, although de- 


T.vble III 

Influence of Inacticaicd Brain Extract on Inhibition of Human Serum Cholinesieraee 
by Diisopropyl Fluorophosphate 


Composition of ciixlore 

CO? liberated bj 
30 nun. 

CboUcesterase 

actiritv 

Serum 

637 

p<Tetnt 

100 

Inactivated brain extract 

0 

0 

Serum -t- inactivated brain extract 

651 

102 

“ -h “ “ “ diisopropyl fiuoro- 

0 

0 

phosphate (10"’ si) 



Serum -f inactivated brain extract -f- diisopropyl fiuoro- 

245 

33 

phosphate (5 X 10"> n) 



Senun + inactivated brain extract -b diisopropyl fiuoro- 

346 

53 

phosphate (2.5 X 10"’ Ji) 



Serum + inactivated brain extract -h diisopropyl fluoro- 

372 

ST 

phosphate (10"’ ii) 




creases in the red cell serum and brain cholinesterase activities were 
obtained. 

Because of the known breath-holding characteristics of the rabbit, the 
variation in respiratory intake, and other difficulties in determining the 
precise amount of diisopropyl fluorophosphate absorbed by the anim al, 
the tissue cholinesterase activity was studied in rabbits which were injected 
intravenously with diisopropjd fluorophosphate solutions. The results 
are sho\vn in Table IV, B. One rabbit, injected with 3.0 mg. per kilo of 
the fluorophosphate, died immediately; the serum, red cell, and brain 
cholinesterase activities were zero. Two rabbits were injected with 0.3 
mg. per kilo of the fluorophosphate, a dose from which the animals usually 
recovered. ^Marked muscular tremors resulted, starting 3 to 5 minutes 
after the injection. Blood was taken for cholinesterase determinations 23 
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and 26 minutes after the injection. TJie animals were then sacrificed and 
the brains removed. The brain cholinesterase activities were 5 and 12 per 
cent of normal. The red cell cholinesterase activities were 0 and 7 per 
cent and the serum 5 and 15 per cent, respectively, of the preinjection 

Table IV 

Effect of Diisopropyl Fluorophosphatc on Rabbit Plasma, Red Blood Cells, and Brain 
Cholinesterase Activity in Vivo 


A. Inhalation 


Rabbit No. 

Concen- 
tration of 
diiso- 
propyl 
fluoro- 
phosphate 
vapor 

Duration 

of 

exposure 

Blood 

sample 

time 

Relative cholinesterase activity* 




Plasma 

Red cells | 

Brain | 

Remarks 


ms. perl. 

min. 

min. 

1 


1 


354 

1.53 

5 

2 

0 

0 


Died 

355 

1.53 

5 

5 

20 

0 

i 


Muscle tremors 
Recovered 

356 

1.53 

5 

8 

11 



Died in 5 min. 

325 

0.46 

10 

15 

5 


1 

No symptoms 

350 

0.46 

10 

18 

9 

1 

24 

(( (( 

351 

0.46 

10 

21 

13 

1 10 

2 

<< it 

352 

0.14 

10 

4 

66 

mSm 


it t* 

353 

0.14 

10 

5 

41 

!■ 


tt it 


B. Intravenous Injection 


Rabbit No. 

Dose 

Blood 

sample time 


Relative cholinesterase activity* 

Plasma 

Red cells 

Brain 

Remarks 

327 

ms. perks. 

3.0 

min. 

4 

0 

0 

0 

Died immedi- 

326 

0.3 

23 

15 

7 

12 

ately 

Muscle tremors 

328 

0.3 

26 

5 

0 

5 

it n 

491 

0.1 

26 

54 

41 

59 

No symptoms 

492 

0.1 

25 

37 

29 

57 

ti it 

330 


27 

60 

19 

74 

tt it 

331 

0.05 

43 

51 

29 

73 

tt tt 


* These values are per cent of the preexposure values. 


values. It may be noted that the red cell cholinesterase activities were 
lou'er than the serum activities. 

At a dose of 0.1 mg. per kilo of diisopropyl fluorophosphatc, the rabbit 
brain cholinesterase activities were 57 and 59 per cent of normal. There 
were no systemic symptoms at this dose. At a dose of 0.05 mg. per kilo of 
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diisopropyl fluorophosphate, the brain actmties were 73 and 74 per cent 
of normal. These results indicated that cholinergic symptoms in the 
rabbit appear at an intravenous dose of between 0.1 and 0.3 mg. per kilo 
of the fluorophosphate. The brain cholinesterase actu-ities, corresponding 
to the appearance of symptoms, were less than approximately 60 per cent 
of normal. 

Table V, A shows the serum and red blood cell cholinesterase activities 
after exposure of Mocaciis rhesus monkeys to various concentrations of 
diisopropyl fluorophosphate vapor. It may be seen that the serum cholin- 
esterase activity decreased markedly to from 0 to 5 per cent of the pre- 
e.xposure value even after exposure to very low concentrations of the fluoro- 
phosphate. The red cell cholinesterase activities decreased as a resvdt 
of the exposure, but not as markedly as did the senun cholinesterase ac- 
tmties. The unusual sensitmty of monkey serum toward diisopropyl 
fluorophosphate in vivo paralleled that obseiwed in vitro. As will be re- 
called, the pCi value for monke}’ serum cholinesterase was 7.8. The find- 
ing that the red cell cholinesterase actmty was not decreased as much as 
the serum cholinesterase after e.xposure parallels the differing sensitivities 
of these cholinesterases to inhibition b 3 ' diisopropj'l fluorophosphate in 
vitro. Of the four a nim als exposed in the chamber, onlj’ Monkej' C showed 
sjTnptoms; these were marked tremors, salivation, and difiScultj' in respira- 
tion. The occurrence of symptoms was accompanied bj' zero red cell 
cholinesterase activitj' after e.xposure. As maj' be seen in Table V, A, the 
return to normal of the serum cholinesterase was slow. Thus, 7 to 8 
daj’s after exposme the activity ranged from 39 to 55 per cent of normal. 

Several monkeys were injected intravenouslj' with diisopropj-l fluoro- 
phosphate. The results are given in Table V, B. A dose of 0.3 mg. per 
kilo of the fluorophosphate was fatal in 10 minutes. The senun and brain 
cholinesterase activities were zero and the red cell activit 3 ’' but 2 per cent 
of normal. Essentially the same results were obtained at doses of 0.25 
and 0.2 mg. per Idlo, except that the survival period was longer. At a 
dose of 0.1 mg. per kilo the animal survived, although the senun and red 
cell cholinesterase actmties were low. 

These results indicate that in the rhesus monkev' the occurrence of S 3 Tnp- 
toms was associated with low brain cholinesterase acti^^t 3 ^ It ma 3 ’ also 
be seen that a very low dose (0.02 mg. per kilo) decreased the serum ac- 
tmt 3 ’ to 2 per cent of normal, whereas it affected, to onl 3 ' a small extent, 
the brain cholinesterase actmt 3 '. This finding parallels the in vitro differ- 
ence in sensitivit 3 ' between monke 3 ' serum and brain cholinesterase to in- 
hibition by diisoprop 3 d fluorophosphate. The marked in vitro sensitivit 3 ' 
of monkey serum cholinesterase to low doses of the fluorophosphate is in 
contrast to that shown b 3 ' the rabbit and, as will be shown presentl 3 ", is 
strikingly similar to that in man. 
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One group of seven men was exposed to a concentration of 19 y per liter 
of diisopropyl fluorophosphate vapor for 8 minutes, 42 seconds, a second 

Table V 

Effect of Diisopropyl Fluorophosphate on Monkey Plasma, Red Blood Cells, and Brain 
Cholinesterase Activity in Vivo 


A. Inhalation 


Monkey 

Concen- 
tration of 
diiso- 
propyl 
fiuoro- 
phosphatc 
vapor 

! Duration 
of 

exposure 

Blood sample 
time 

i 

Relative cholinesterase activity* 



Remarks 


mg. per I. 

mtn. 



1 


A 

0.15 

1.25 

3 min. 

5 

68 

No symptoms 




S days 

39 

96 


C 

0.15 

1.25 

4 min. 

2 

0 

Muscle tremors, salivation. 







bronchial constriction 

1 



9 days 


27 

Becovered 

B 

0.005 

30 

5 min. 

1 

63 

No symptoms 




7 days 

55 

73 



o.oost 

30 

11 min. 

0 

17t 

it it 

D 

0.008 

15 

3 “ 

1 


it it 




7 days 

46 

6 



o.iost 

1 1.25 

j 28 min. 

1§ 

2011 

1 If (( 


B. Intravenous Injection 


Monkey 

Nfl. 

Dose 

'Blood sample 
time 

Relative cholinesterase activity^F 

Plasma 

Red cells 

Brain 

Remarks 


mg. per 
kg. 






4 

0.3 j 

10 min. 

0 

2 

0 

Died in 10 min. 

6 


27 

0 

1 

0 

“ “ 33 “ 

3 

mm 

2 hrs. 

0 

0 

0 

Severe symptoms; sacri- 







ficed 

1 


24 min. 

0 

2 


N6 symptoms 



5 days 

86 

38 



2 1 


3.75 hrs. 

0 

10 

mm 

Muscle tremors, diarrhea 

5 


60 min. 

2 

14 

19 

No symptoms 


* All values given represent per cent of preexposure values, 
t Second exposures of Monkeys B and D, 7 days after the first exposure, 
t Equivalent to 12 per cent of the scrum activity before the first exposure. 

§ Equivalent to 0.4 per cent of the serum activity before the first exposure. 

!| The per cent activity of the red cells just before the second exposure. 

H Per cent of preinjection value. 

group of six men to a concentration of 27.1 y per liter for 9 minutes, and 
two men to 28.8 y per liter for 10 minutes, 40 seconds, and 27 y per liter 
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for C minutes, 40 seconds, respectively. The sjTnptoms were e.xtremel}' 
mild. All of the men showed miosis and most of them complained of a 
slight feeling of tightness in the chest, lasting for several hours. The 
following symptoms were observed occasionally: increased nasal secretion, 
nausea, salivation. 

Table IT shows the decreases in serum cholinesterase activity immedi- 
ately after exposure and the rate of return of the acti\'ity to normal. It 
may be seen that, immediatelj' after gassing, the serum cholinesterase ac- 
tinty decreased to about 1 to 5 per cent of the preexposure value. The 


Table VI 

Effect of Inhalation of Diisopropyl Fluorophosphate Vapor on Serum Cholinesterase 
.4 ctirity in Vito in Man 


Subject 


Concen- 
tration of 
ditso- 
propyl 
fuQrn* 
phosphate 


Dura- 
tion of 
ex- 
posure 


vapor I 
nr. fer J, nifi. 


J. H. 

R. L. 

W. B. 
M. G. 

J. P. M, 
J. M. 

T. M. 

A. F. 

H. H. 

J. J. H. 
W. C. 




* These values are per cent of the preexposure values. 

t The red blood cell cholinesterase activity was 97 per cent of the preexposure 
value. 

t The red blood cell cholinesterase activity was S7 per cent of the preexposure 
value. 


rate of return J:o normal was very slow. On the average, the activity re- 
turned to about 30 per cent in 4 days, to about 50 p)er cent in 8 days, and 
to about 70 per cent in 15 days. The red cell cholinesterase activities of 
several of these men were determined immediately after exposure and were 
found to be only slightly decreased below pree.xposure values. These re- 
sults show, therefore, a correlation with the jn vitro sensitivities of human 
serum and red cell activities. 

Rale of Restoration of Rabbit Plasma, Red Blood Cell, and Brain Cholin- 
esterase Actimlies after Poisoning with Diisopropyl Fluorophosphate ^The 
slow rate of regeneration of serum cholinesterase activities, demonstrated 
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above in man and monkey, raised the question as to the rate of regeneration 
of brain cholinesterase activity. The average brain cholinesterase ac- 
tivity was first determined in a series of normal rabbits. Each of a group 
of about fifty rabbits was injected ndth 0.3 mg. of diisopropyl fluorophos- 
phate per kilo and blood samples were taken before injection for deter- 
mination of normal plasma and red cell cholinesterase. At this dose, the 
rabbits developed tremors vithin about 15 minutes after injection and 
continued to have these tremors throughout the day. About 10 per cent 
of the animals died. The surviidng animals were free of symptoms the 
day following injection. At suitable intervals after injection, blood was 



TIME CDAYS5 AFTER INJECTION 

Fig. 2. Regeneration of cholinesterase activity of serum (A), red blood cells 
(O), and brain (#) in the rabbit, after intravenous injection of 0.3 mg. of diisopropyl 
fluorophosphate per kilo. 

taken for determination of plasma and red cell cholinesterase activities. 
At these or other times after injection, one to si.\ rabbits were selected for 
sacrifice, and brains were removed ndthin 5 minutes after death and the 
brain cholinesterase activities determined. 

Fig. 2 shows that the recoveiy of plasma cholinesterase activity to normal 
Values occurred in about 6 days. The red cell cholinesterase activity 
returned to normal somewhat more slowly. It was about 50 per cent of 
noiToal in about 5 days and attained the normal, preinjection level in 10 
days. The rate of recovery of brain cholinesterase activity was exceedingly 
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slow. 10 days after injection the brain cholinesterase activity was about 
50 to 60 per cent of normal. 20 to 30 days after injection, it was about 60 
to 70 per cent of normal. 50 days after injection, the brain cholinesterase 
acti\'ity had returned to 90 per cent of normal. 

Attempts at Reversal of Diisopropyl Fluorophospbate Inhibition of Cholin- 
esterase — It has been shown that the inhibitions of phosphatase by amino 
acids (7), of pepsin by proteolj^tic digestion products (8), and of cholin- 
esterase by physostigmine (9, 10) may be reversed by subjecting the en- 
zjTne-inhibitor mixture to dialysis or dilution. In the present study, the 
serum and brain extracts of rabbits injected with 0.3 mg. per Idlo of di- 
isopropyl fluorophospbate were dialyzed against several changes of saline 
for about 24 hours. In a tj'pical experiment, the cholinesterase activity 
of the serum was found to be 14 per cent of normal before, and 12 per cent 
after dialysis. The brain cholinesterase activity was 12 per cent of normal 
before, and 14 per cent of normal after dialysis. Rabbit plasma was also 
treated in vitro with dusopropyl fluorophospbate and then dialyzed for 
24 hours; the cholinesterase actunty was 28 per cent of normal before, and 
24 per cent of normal after dialysis. These results show that under these 
conditions dialysis did not result in any reversal of the fluorophospbate 
inhibition of cholinesterase activity. The in vitro results are in agreement 
with those of Mackworth.’ 

The follor\-ing experiments show that dilution of a mixture of cholin- 
esterase and fluorophospbate did not result in any reversal of inhibition. 
The cholinesterase activity of 0.5 cc. of a normal human plasma was 843 
c.mm. of COj liberated in 30 minutes; the activity of 0.05 cc. of this plasma 
was 93 c.nun. liberated in 30 minutes, or 11 per cent. This plasma was 
treated with an appropriate concentration of diisopropyl fluorophospbate 
so that 0.5 cc. had an activity of 405 c.mm. of CO3 liberated in 30 minutes; 
0.05 cc. of this treated plasma showed an actmty of 42 c.mm., or 10 per 
cent. Thus dilution did not result in any relative increase inactivity. 
This may be contrasted with the result in an experiment on human plasma 
treated with physostigmine; 0.5 cc. of this plasma showed an activitj' of 
55 c.mm. of CO2 liberated in 30 minutes, whereas 0.05 cc. of this plasma 
showed an activity of 30 c.mm., or 55 per cent. This relative increase in 
cholinesterase activity on dilution of a physostigmine-cholinesterase mix- 
ture is, of course, in agreement with a previous report (10). 

DISCUSSION 

The present study has concerned itself vvith a new anticholinesterase 
compound, diisopropyl fluorophospbate. Of particular interest has been 
the flnding that different tissue cholinesterases show differing degrees of 
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sensitivity to inliibition by diisopropj'l fluorophosphate. It has been shown 
that there is a parallelism between these in vitro sensitivities and the extents 
to which the various tissue cholinesterases examined were inhibited in vivo 
after exposure to or injection with diisopropyl fluorophosphate. 

In view of the difference among the cholinesterases of different tissues to 
inhibition by diisopropyl fluorophosphate, it would be unjustified to draw 
any conclusions from our data concerning the sensitivity to inhibition of 
cholinesterases at autonomic effector organs, ganglia, or myoneural junc- 
tions. According to the concept of chemical transmission of ner\mus im- 
pulses, the extent of cholinesterase inhibition at these sites should be cor- 
related with the appearance of various cholinergic symptoms. In general, 
in the monkey or rabbits, such cholinergic s 3 "mptoms as muscular tremors, 
salivation, and diarrhea were associated with low red cell and brain cholin- 
esterase activity, and death was associated with zero brain cholinesterase 
activity. Howeimr, this association is to be regarded as fortuitous. Con- 
versely, it should be emphasized that depression of serum cholinesterase 
activity does not neceSsaritj- indicate the appearance of cholinergic symp- 
toms; in monkej’' and man, for e.xample, the serum cholinesterase activity 
may be reduced to extremelj’ low levels inthout the manifestations of such 
symptoms. 

In confirmation and extension of previous work,“ the present stud.v has 
showm that the inhibition of cholinesterase by diisopropyl fluorophosphate 
is, in contrast to the inhibition ‘by phj'sostigmine, not reversed by dilution 
or dialysis of the enzyme-inhibitor mixture. If, as is generally assumed 
(11), an inactive enzyme-inhibitor complex is formed, then such a complex 
is not readily dissociated. The possibility exists, of course, that the active 
enzyme might be regenerated by combining tha inhibitor mth some other 
substance to form a less dissociated complex than the enzj^me-inhibitor 
complex. 

The persistence of low serum, red cell, and brain cholinesterase activity 
in the rabbit for periods of 5, 10, and CO daj's, respectively, and of low 
serum cholinesterase activities in the monkej' and man for periods of at 
least 1 to 2 weeks, offers evidence in support of the irreversibilitj' of inac- 
tivation in vivo. Hall and Ettinger (12) found that, after injections of 
physostigmine in the dog, the seriun cholinesterase activity dropped to 10 
to 25 per cent of normal in about a half hour and returned to normal in 2 
hours. This prompt restoration of normal activitj' may well be expected 
in the case of a readil}’’ reversible inhibitor-enz 3 ''me complex. On the other 
hand, the long periods of time necessary for the restoration of normal 
cholinesterase activity, after exposure to diisopropyl fluorophosphate vapor 
or injections vdth diisoprop 3 'l fluorophosphate solutions in the instances 
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mentioned, are of the same order of magnitude as those necessary for the 
regeneration of protein (13) and u-ould seem to indicate a synthesis of 
enzyme protein. 


SU’MiLVRY 

1. The inhibition of scrum, red blood cell, brain, and muscle cholin- 
esterase actmty of the rabbit, monkey, and man by a wide range of di- 
isopropyl fluorophosphate concentrations was studied. For purposes of 
comparison, the inhibition by ph\-EOstigmine of rabbit and human serum 
and muscle cholinesterase activity was also investigated. The degree of 
inhibition was quantitatively evaluated as the negative log molar concen- 
tration of diisopropyl fluorophosphate necessary to produce a 50 per cent 
decrease in the original cholinesterase activity. For convenience, this is 
described as the pCi value. 

2. The effect of e.vposurc to, or injection with, diisopropyl fluorophos- 
phate on the cholinesterase activity of the serum, red blood cell, and brain 
was studied in the rabbit and monkey. The effect of exposure to low con- 
centrations of diisopropyl fluorophosphate on human serum cholinesterase 
aothitj’ was also investigated. It was found that cholinesterases, such as 
those of human and monkey serum, which were very sensitive in vitro, 
showed marked in vivo decreases without the accompanjing development 
of cholineipc sj-mptoms. 

3. The rate of restoration of serum cholinesterase activity in monkey and 
man was veij' slow. In the rabbit, 5, 10, and about 60 days were neces- 
sary for the restoration to normal of serum, red cell, and brain cholinesterase 
activities, respectively. 

4. Dialysis or dilution of cholinesterase-diisopropyl fluorophosphate 
mixtrues or of tissue cholinesterases from animals poisoned with diiso- 
propyl fluorophosphate did not result in any increase of the cholinesterase 
activitj’. These experiments indicated that the inhibition of cholinesterase 
by diisopropyl fluorophosphate was not readily reversible. 

5. The results on diisopropyl fluorophosphate inhibition of cholinesterase 
activity have been discussed with regard to the questions of cholinesterase 
irreversibility and the appearance of choliner^ symptoms. 

The authors wish to acknowledge the technical assistance of hliss 
Slurley Sanders. 
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SOME CULTURE STUDIES ON LACTOBACILLUS ARABINOSUS 
AND LACTOBACILLUS CASEI* 

By mavis C. NYMONt and WILLIS A. GORTNER 
(F rom the School of Kuirition, Cornell University, Ithaca) 

(Received for publication, January 24, 1946) 

Probably one of the most important factors in successful microbiological 
analj'sis is the method of culture of the bacterial organisms employed in 
each test. It is only when the bacterial cells are in optimum nutrition 
that they can be expected to respond properly as test organisms. It is not 
an uncommon experience that cultures of test organisms do not always give 
reliable standard cun’es. Furthermore, it is frequently observed that on 
prolonged culturing the bacteria may exhibit a gradual decrease in total 
acid production and in linearity of response to the nutrient under test. 
Such occurrences limit the useful range of the standard curves and maj' 
cause doubt as to the validity of data resulting from the analysis of test 
substances. Such comment has also been made by Krehl, Strong, and 
Elvehjem (1). 

In this paper studies are reported on the effect of the method of culture 
upon the response of Lacldbacillus arabinosus^ and Ladobacxllus casei.' 

EXPERIMENTAL 

Culture Media Employed. Preparation of Liver Extract — At first a liver 
concentrate paste was used as a source of liver nutrients. However, an 
aqueous extract of fresh liver was later used and considered to be a better 
source of nutrients. It is made as follows: 1 pound of ground fresh liver 
is suspended in 2 liters of water, heated 60 minutes on a steam bath, and 
then filtered through cheese-cloth. After neutralization to pH 7.0, it is 
heated again for 15 minutes, filtered through coarse filter paper, and stored 
under toluene in a dark bottle in the refrigerator. 

The agar and broth media used in these culture studies have the following 
composition per 100 ml.: yeast-glucose agar, 1 gm. of glucose, 1 gm. of 
yeast extract (Difeo), and 1.5 gm. of agar; liver-lryplone agar, 1 gm. of 
tiyptone (Difeo), 1 gm. of glucose, 0.2 gm. of KiHPOi, 0.3 gm. of CaCOs, 

* Aided bj- a grant from the Consolidated Edison Company of New York, Inc. 

t The data reported in this paper were taken in part from a thesis presented by 
Mavis C. Nj-mon to the Graduate School of Cornell University in partial fulfilment 
of the requirements for the degree of Master of Science. 

‘ American Type Culture Collection, No 8014. 

- American Type Culture Collection, No. 7469. 
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1.5 gm. of agar, 10 ml. of liver extract, and 0.5 ml. each of Salts A andB;’ 
liver-tryptone broth, 1 gm. of tryptone (Difco), 0.5 gm. of K2HPO4, 0.2 
gm. of glucose, 0.2 gm. of yeast extract (Difco), and 10 ml. of liver extract. 

Effect of CxiUure Method upon Response of Lactobacillus arabinosus — It is 
evident that there are a number of variations in the manner in which stock 
cultures of L. arabinosus are carried. In the original paper of Snell and 
Wright (2) on niacin, stock cultures of L. arabinosus are carried in yeast 
extract-glucose agar and transferred at monthly intervals, being incubated 
at 30° for 24 to 48 hours. Inoculum for the assay tubes is prepared by a 
transfer from the stock culture to a tube of the basal medium containing 
0.1 T of niacin per ml. of solution, and is then incubated at 30° for 18 to 36 
hours before use. Krehl, Strong, and Elvehjem (1) transfer the stock 
culture weekly in, buffered yeast extract-glucose agar with incubation at 
37°. Kent- Jones and Meicklejohn (3) report results obtained from stock 
cultures transferred monthl}'^ in solid glucose agar at 37°. 

In this laboratory it was found that culture.': transferred ever3' 3 or 4 
v'eeks in j'east extract-glucose agar with incubation at 37° gradually 
decreased in linearity of response to the added niacin. A new culture of 
Lactobacillus arabinosus obtained from the American Type Culture Collec- 
tion gave a linear response up to 0.3 y of niacin per tube. The acid produc- 
tion was not measured at a higher level of the vitamin at this time. After 
about 4 months the linearity had fallen to about 0.2 y of niacin. Monthly 
transfer through liver-tryptone agar was also tried but this did not seem 
to improve the activity of Lactobacillus arabinosus. After 10 months this 
culture gave a linear response only up to about 0.15 y of niacin. This 
decline in linearity limited, of course, the useful range of the standard 
curve and, at the same time, the organism may possibly give an unknovm 
response to substances in the test solution, owing to its altered viability. 

At the end of this period it was decided to attempt a “rejuvenation” 
of the microorganism. That is, it was decided to determine whether 
frequent transfer of the culture through nutritious media would result in a 
return of the original activity and linearity of response of the culture to the 
added vitamin. A series of transfers through skim milk and subsequent 
transfers through nutrient-rich liver-tryptone broth for several times and 
then weekly transfer from liver-tryptone agar to broth to agar again within 
3 weeks resulted in marked improvement of response. Linearitj' had 
increased to 0.2 y per tube. After this time the temperdture of incubation 
was also changed to 30°, since this temperature is considered to be the 
optimum temperature for Lactobacillus arabinosus (4). 

’ The inorganic salts are as recommended by Snell and Wright (2). Solution .A 
contains 25 gm. of potassium monohydrogen phosphate and 25 gm. of potassium 
<lihydrogen phosphate in 250 ml. of water. Solution B contains 10 gm. of magnesium 
sulfate heptahydrate, 0.5 gm. of sodium chloride, 0.5 gm. of ferrous sulfate heptahy- 
(Irate, and 0.5 gm. of manganese sulfate tetrahydrate dissolved in 250 ml. of water. 
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Further skim milk and liver-trj’ptone broth transfers increased the 
linearity within another 2 weeks to 0.25 y of niacin. After 5 months 
(with weekly transfer through liver-tij’ptone broth to liver-tiyptone agar 
for stock transfer, and from agar to broth to basal medium plus niacin 



Fig. 1. Curves showing the effect of culture method upon the acid production of 
LactohaciUus arahinosut in response to added niacin. X (August 3, 1&43) original 
culture carried in yeast-glucose agar at 37°; O (June 13, 194-1) monthl 3 - transfer in 
liver-tryptone agar at 37° jnst prior to weekly transfer procedure; • (December 11, 
1944) 5 months after weeklj- transfer at 30°. 

for the preparation of the inoculum) linearity to nearly 0.5 y was attained. 
For the effect of various culture methods upon the response of Ladobacillus 
orahiTiosus to niacin, see Fig. 1. 

Although this procedure of weekly transfer was more time-4:onsuming 
than that of monthly transfer, the effort seemed worth while, since a 
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Fia. 2. Curves showing the effect of culture method upon the acid production of 
Lactobacillus casei in response to added riboflavin. X (August 3, 1943) original 
culture carried in yeast-glucose agar at 37°; O (May 7, 1944) monthly transfer in liver- 
tryptone agar at 37°; A (October 10, 1944) 3 montlis after weekly transfer through 
liver-tryptone broth to liver-tryptone agar at 37°; • (December 11, 1944) 5 months 
after weekly transfer at 37°. 


standard curve of much greater reliability was obtained. Not only was the 
useful range of the standard curve increased but also, since the bacterial 
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culture was in a state of better nutrition and of greater viabilit3% it would 
not seem so likelj’ to be affected bj- unknown substances in the test solution. 

Effect of Culture Method upon Response of Lactobacillus casei — L. casei, 
the microorganism used in these studies for assajdng ribofla\in, was also 
affected by the culture method, as was L. arabinosus. L. casei, however, 
seems to be subject to a great many variations, for the reproducibility of 
standard cun-es from one assaj' date to another in no waj' parallels that of 
the standard cur^'es obtained bj’ the response of L. arabinosus to niacin. 

The first curve obtained mth the new culture of Lactobacillus casei 
was linear to 0.25 7 of riboflavin per assaj' tube. After that time the 
response of the organism to riboflavin resulted in a more rounded curve. 
The change to liver-tryptone agar from j'east-glucose agar with monthly 
transfer resulted in a definite increase in acid production vith a much 
steepmr curve. An attempted “rejuvenation” similar to that employed 
for L. arabinosus but with continued incubation at 37° also increased the 
acid production over and above that of the culture transferred through 
liver-tryptone agar everj' 3 or 4 weeks at 37°. However, it did not give as 
significant an improvement as did the change of agar from j-east-glucose 
agar. The yeast-glucose agar seems deficient in nutrients necessary for 
the maintenance of an active culture of L. casei. Broth transfer and 
frequency of transfer may also be of some importance. The effect of culture 
method upon the response of L. casei to ribofla\Tn is shown in Fig. 2. The 
curves shown are based on values corrected with the blank titrations to 
zero in order to make them strictlj’ comparable. 

DISCUSSION' 

WTiile these culture studies on Lactobacillus arabinosus and L. casei are 
bj' no means complete, thej' do emphasize the fact that the method of 
culture of the test organism is a very important factor in the response of the 
bacteria to the nutrients assayed. Afcny papers have been reported on the 
stimulatory effects of the addition of certain ingredients to the usual basal 
medium employed for a microbiological test, such as the effect of rice 
polishings concentrate on the response of L. casei reported bj’ Clarke el al. 
(5, 6). Other stimulatory effeets on L. casei by certain substances have 
been reported by Wegner el al. (7). The influence of buffer and glucose on 
the acid production of L. casei has been reported bj' Stokes and Martin 
(8). In the paper by Krehl, Strong, and Elvehjem (1) evidence has been 
presented to show that increased acid production and increased linearity 
of response to niacin were obtained with L. arabinosus when the basal med- 
ium of Snell and Wright (2) was modified and a different procedure in 
growing the inoculum was used. 

In the studies on Lactobacillus arabinosus here reported the modified basal 
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medium of Krehl, Strong, and Elvehjem (a commercial casein hydrolysate 
was used rather than a laboratoiy preparation) has been used throughout 
for assay purposes. The culture method has proved to be one of the 
determining factors in the response of the microorganism to niacin. In 
the case of Lactobacillus casci there was a very marked increase in acid 
production by a change of agar medium. The more complex agar medium 
evidently supplied growth essentials or stimulants to acid production that 
were not present in the yeast-glucose agar or were present only in small 
amounts. 

Further studies on culture methods for these organisms seem to be worthy 
of investigation, for it appears likely that culture method has an important 
role in the production of successful microbiological assays. 

SUMMARY 

Data have been presented which show that the method of culture affects 
the response of the microorganisms Lactobacillus arabinosus and Lacto- 
bacillus casci to. niacin and riboflavin, re.spectivel3\ Degraded cultures 
of these organisms can be “rejuvenated” by a change in transfer medium, 
greater frequency of transfer, and by incubation of the culture at the 
optimum temperature. 

In the case of Lactobacillus arabinosus, a change of incubation temperature 
from 37° to 30° and weekly transfer of the stock culture from liver-tryptone 
agar to liver-tryptone broth to agar again after 5 months resulted in a 
change of linearitj’' of re.sponse to added niacin from a maximum of 0.15 
7 to about 0.4 7 of niacin. A change in agar medium from yeast-glucose 
to liver-tryptone agar without increased frequency of transfer of Lacto- 
bacillus casd with incubation at 37° resulted in a definite increase in acid 
production. Frequent transfer through broth to agar also effected some 
increase in acid production of Lactobacillus casci. 

We are indebted to Dr. I. C. Gunsalus for his advice, encouragement, 
and interest in the studies presented. 

BIBLIOGRAPHY 

1. Krehl, W. A., Strong, F. M., and Elvehjem, C. A., Ind. and Eng. Chem., Anal. Ed., 

16, 471 (1943). 

2. Snell, E. E., and Wright, L. D., J. Biol. Chem., 139, 675 (1941). 

3. Kent-Jones, D. W., and Meicklejohn, M., Analyst, 69, 330 (1944). 

4. Bergey, D. H., Breed, R. S., Murray, E. G. D., and Hitchens, A. P., Bergey’s 

manual of determinative bacteriology, Baltimore, 5th edition (1939). 

5. Clarke, M. F., Lechycka, M., and Light, A. E., J. Biol. Chem., 142 , 957 (1942). 

6. Light, A. E., and Clarke, M. F., J. Biol. Chem., 147, 739 (1943). 

7. Wegner, M. I., Kemmerer, A. R., and Fraps, (3. S., J. Biol. Chem., 144,731 (1942). 
S. Stokes, J. L., and Martin, B. B., J. Biol. Chem., 147, 483 (1943). 



CONCENTRATION OF THE RABBIT PAPILLOMA CTRL'S WITH 
THE SHARPLES SUPERCENTRIFUGE* 

Bv A. R. TAYLOR 

{From the Dcparlment of Surgery, Duke University School of Medicine, 
Durham, North Carolina) 

(Received for publication, November 9, 1945) 

The purification of viruses has been accomplished thus far chiefly by 
the use of the vacuum tj^ie air-driven ultracentrifuge. The instrument, 
though of low volume capacity, has served effectiveh* to provide small 
quantities of purified materials. There are occasions, however, when 
lai^e scale work is desirable and necessarj', particularly with respect to the 
initial concentration of relatively small quantities of \'irus from large 
volumes of crude tissue extract. An instrument long available and of 
much potential value because of its greater capacity is the laboratoi^- model 
Sharpies supercentrifuge. A number of workers (1-5) have demonstrated 
that \-iruses can be concentrated by means of this instrument, using either 
the standard equipment or various modifications of it. Stanley (4) was 
able to sediment 60 per cent of the tobacco mosaic %'irus out of large volumes 
of juice from infected tobacco plants. Subsequently the Sharpies super- 
centrifuge was used for the sedimentation of influenza \irus (6) and the 
preparation of influenza 4irus vaccines (7, 8). In recent work in this 
laboratory, relatively large quantities of purified papilloma virus were 
required for measurement of the density of the \'irus in solution (9). Ac- 
cordingly, studies were made on purification of this \-irus with procedures 
invoUfing use of the Sharpies instrument. The results obtained are de- 
scribed in the present paper. 

Materials and Methods 

The Sharpies supercentrifuge used was the air-driven laboratorv* model, 
modified as pre^dously described in detail (7). The instrument was 
equipped with a standard batch bowl which had been converted into a con- 
tinuous flow bowl of residual volume (50 ml.) smaller than that of the 
standard continuous flow bowl (IGO ml.). The advantages of the modified 
bowl are (1) a thinner layer of fluid through which the \-irus must sediment 

* This work was supported through the Commission on Influenza and the Com- 
mission on Epidemiological Survey, Board for the Investigation and Control of 
Influenza and Other Epidemic Diseases in the .•trmy, Preventh’e Medicine Service, 
Office of the Surveon General, United States Army. The work was aided also in part 
by a grant to Duke Universitj- from the Lederle Laboratories, Inc., Pearl River, 
New York. 
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during centrifugation, and which thus permits a much more efficient con- 
centrating action at higher rates of flow (7), (2) a small volume of concen- 
trate for further processing, and (3) retention of the concentrate vithin the 
bowl at the end of the run. The instrument was mounted imder ultra- 
violet lights (7) to prevent heavy contamination of the concentrate ivith 
viable bacteria. 

The papillomas were naturally occurring growths obtained from cotton- 
tail rabbits trapped in Kansas. The ivarts ivere removed from the animals 
in the field, covered with a mixture of equal parts of glycerol and 0.9 per 
cent NaCl solution in 8 oimce bottles, and shipped immediately to the 
laboratory, where they were stored at 2-8°. The groivths used in the pres- 
ent experiments were collected over a period of about 14 months and had 
been in glycerol-saline solution from 4 to 5 years. The number of bottles 

Table I 

Yield of Papilloma Firus Obtained by Preliminary Concentration from Crude TT^ar^ 
Extracts toith Sharpies Supercentrifuge and One, Two, or Three Cycles of Low and 
High Speed Spinning in Vacuum Ultracenlrifuge 


Batch No. 

No, of 
bottles 

Date ioterval bottles received 

Weicht of 
papillomas 
extracted 

No. of 
cycles in! 

yield of virus 

ultra- 
centri- 
fuge 1 

Total 

Pergm. 

papil- 

lomas 


■1 


HQH 


ms. 

ms. 

85-86 


Dec. 28, 1939-Jan. 12, 1910 


1 

50.4 

0.33 

87-89 

H 

Jan. 17-Mar. 21, 1940 

Dec. 1, 1940-Jan. 10, 1941 


1 

2 

94.1 

83.5 

0.133 

0.118 


H 



3 

76.9 


90 

H 

Jan. 10-Feb. 10, 1941 

287.0 1 

2 

59.2 



of warts and the dates they were received at the laboratory are given in 
Table I. 

Use of the Sharpies instrument for concentration of the papilloma idrus 
is illustrated in the procedures of a typical experiment. 150 gm. of warts 
were freed of hair and extraneous tissue and broken up in about 100 ml. of 
0.9 per cent NaCI solution in the Waring blendor. The pulp was made up 
to a volume of 2 liters (a 7.5 per cent tissue suspension) and set aside at 
2-8° to extract overnight. The suspension was then mixed vdth 50 gm. 
of No. 512 Celite and filtered through a thin mat (2 to 3 mm.) of No. 503 
Celite. The resulting, slightly turbid filtrate was passed into the Sharpies 
supercentrifuge through a No. 24 gage hypodeimic needle (7) at a constant 
rate of 500 ml. per hour. A centrifugal field of 62,000 g was maintained at 
the inside bowl periphery’- (50,000 b.p.m.). The extract was /ollowed mth 
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500 ml. of a solution containing 0.13 m ?^aCl and 0.05 si phosphate buffer, 
pH 6.5, to displace the final 50 ml. of e.xtract and to wash the sedimented 
sums. As the speed of the bowl slowed, the lower inlet boss was stoppered 
(7). Eemoved from the machine, the bowl containing the concentrated 
virus in a s’olume of 50 ml. was set aside in the cold room overnight. After 
thorough shaking of the bowl the next morning, the 50 ml. of virus suspen- 
sion were washed into a 100 ml. centrifuge tube ssith 20 ml. of the buffer- 
saline solution. This was spun in an angle centrifuge for 15 minutes at 
3000 g and the supernatant fluid decanted. The soft, insoluble sediment 
was washed two times ndth 25 ml. portions of buffer-saline solution, and the 
wash fluids were added to the initial concentrate. 

The 1 -irus recovered from an initial volume of 2 liters of crude extract 
was now in a volume of 120 ml. This was subjected to a single cycle of 
centrifugation in the vacuum tj^je ultracentrifuge (5000 g for 5 minutes; 



’w W 




W. 


Fig. 1. Sedimentation diagram of papilloma virus concentrated from crude 
filtered extract with the Sharpies supercentrifuge and purified by three cycles of low 
and high speed spinning in the vacuum ultracentrifuge. The virus concentration was 
3 mg. per ml. The mean ultracentrifugal field was 17,000 times gravity and the 
interval between exposures 2.5 minutes. The sedimentation constant was Sn’ = 292 
Svedberg units. 


50,000 g for 1 hour), after which the pellets were taken up in 6.5 ml. of the 
buffer-saline solution. Large aggregates were eliminated by low speed 
centrifugation in the vacuum ultracentrifuge at 5000 ^for 5 minutes. 

Results 

The results of experiments with three different batches of warts are 
shown in Table I. The experiment described above involved Batch 85-86; 
50.4 mg. of tirus were obtained, a yield of 0.33 mg. of virus from 1 gm. of 
■warts. Infectixity measurements* by the incubation period method (10) 
gave a 50 per cent point infectious unit of 10“' ' gm. of lirus, a value indi- 
cating a close similarity of the biological acthity of thi? preparation -with 
purified papilloma ^^rus pre%'iously studied (10). In the experiment ■with 
Batch 87-89, the initial sedimentation in the Sharpies instrument ■was 

‘ These measurements were generously made by Dr. Alexander Hollaender and 
Dr. ■W. Ray Biyan, National Cancer Institute. 
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followed by three cycles of alternate low and high speed spinning in the 
vacuum ultracentrifuge. A considerable loss of material was experienced 
vith each additional cycle, but the proportion of the loss consisting of actual 
virus was not estimated. A sedimentation diagram of Batch 87-89 con- 
centrated in the Sharpies supercentrifuge and sedimented three times in the 
vacuum ultracentrifuge is given in Fig. 1. The diagram indicates a high 
degree of homogeneity of the virus concentrate. 

In previous experiments (11) on isolation of the papilloma virus Avith 
use of the vacuum ultracentrifuge throughout the process, approximately 
1000 gm. of papillomas yielded 200 mg. of virus. This quantity of puri- 
fied virus AA'as collected in a series of tu'elve e.xperiments in AA^hich the re- 
spectiAm yields AA-ere extremely variable. In the present experiments 1147 
gm. of papillomas yielded 18G.5 mg. of purified Auriis, a result AA'hich com- 
pares favorably AAuth the earlier findings. As noted above, the groAVths 
used here had been stored in 50 per cent glycerol-saline solution at 5-8° 
for a period of 4 to 5 jmars^ and this apparently did not materially influence 
either the physical characters (9) or the biological activity (10) of the virus 
recoA'ered. 


DISCUSSION 

The present AA'ork demonstrates the usefulness of the Sharpies super- 
centrifuge in the preliminary concentration of the papilloma Aurus from 
tissue extracts of volumes inconAmniently large for routine purification 
Avork AAith the vacuum ultracentrifuge. I^Hiile the proportion of the virus 
recovered from the extracts AA'as not determined, the yields AA'ere satis- 
factoiily comparable AATth those obtained by the use of the Amcuum ultra- 
centrifuge alone. It is notcAA’orthy that a filter paper lining (5) for the 
boAAd AA'as not employed; instead, the papilloma virus aa'Us deposited directly 
on the AA'all of the spinning boAA'l, as in the instance of the influenza virus 
(7) in previous AA'ork. QuantitatiAm recoAmry of the virus from the boAvl 
AA'all AAms greatly facilitated by stoppering the boAAd before rotation had 
ceased. 

The recent critical evaluation by Markham (5) of the theory of sedi- 
mentation in relation to the technique of “differential centrifugation” 
emphasizes properly certain practical limitations of the ultracentrifugal 
procedures generally utilized for the isolation of Auruses. The ultra- 
centrifugal process, as usualb"- applied AAuth the vacuum ultracentrifuge, 
is essentially one of AA'ashing aAA'ay in the supernatant fluids of the high 
speed runs imsedimentable materials of particle size much smaller than 
that of the Auruses, and removal bj’- relatively very Ioav speed centrifugation 
of gross tissue particles and material aggregated in the preceding high 
speed run. The centrifugal field differential employed is far too great to 
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permit appreciable separation of discrete components with sedimentation 
constants differing, for instance, by as much as S = 70 (12) and 5 = 250 
Svedherg imits (13). Even when the differences in sedimentation constants 
of the materials are markedly greater (14), considerable difficulty was en- 
countered. The centrifugal field developed by the Sharpies supercentri- 
fuge was sufficient to sediment effectivelj- the papilloma virus, despite 
convection associated with a continuous and relativel 3 " rapid flow of extract 
through the bowi. iVith the ■lirus, however, there was sedimented much 
of the finely dhided melanin pigment and other dispersed particles not 
removed from the extract bj' preliminarj' filtration with Celite. iSIarkham 
(5) has indicated the lack of advantage of repeated centrifugation in the 
Sharpies instrument in the presence of convection such as that occurring 
in the continuous flow bowi. In the vacuum ultracentrifuge, however, 
convection is a much smaller factor, and extraneous particles aggregated by 
packing in the pellets of the high speed runs can be eliminated by low 
speed spinning. 


STmM-\RY 

The rabbit papUloma \irus has been purified in satisfactory yields by 
preliminary sedimentation with the Sharpies supercentrifuge from large 
volumes of extracts of cottontail rabbit warts, followed by repeated high 
and low speed spinning in the vacuum type air-driven ultracentrifuge. 
The combined procedures described pro\ide access to large quantities of 
the -^irus in preparations of relatively' high homogeneity, with very con- 
.siderable savings in time and cost. 
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A direct method of measuring the density of virus particles in suspension 
consists of sedimentation velocit3’ studies of the virus in media of various 
densities (1-4). Unfortunately, this method is unsatisfactory when the 
densitj- of the suspending medium is varied with materials such as NaCl, 
sucrose, urea, or glycerol because of alteration in the density of the particle 
under studj’. As a consequence, there occurs a breakdown of the linear 
relationship which should e.rist between the sedimentation rate of the virus 
and the densitj' of the medium, and the resulting values of particle density 
are too hi^. This effect has been attributed to the osmotic pressure of 
the denser media (4). 

A means for lessening the possible osmotic influence is bj' use of boiine 
serum albumin, which is of relatively high molecular weight, for varying 
the density of the suspending medium. Use of this material has given satis- 
factory’ results in studes on the density of the three types of influenza virus 
(5, 6) and, in more recent experiments, has been employed in a study of 
the density of the rabbit papilloma \’irus in aqueous suspension. The 
results thus obtained are given in the present report. For purposes of 
computation it was desirable first to determine the relation of sedimenta- 
tion velocity’ to rims concentration, and the findings in this preparatory 
work are likenise described in the present paper. 

Malerial and Methods 

The papilloma rims was procured from extracts of cottontail rabbit warts 
by centrifugal concentration and purification. Some of the vims was 
purified in the usual way’ (7) by means of the air-driven quantity ultra- 
centrifuge; most of it, however, was first concentrated in the Sharpies 

* This work was supported through the Commission on Influenza and the Com- 
mission on Epidemiological Survey, Board for the Investigation and Control of In- 
fluenza and Other Epidemic Diseases in the .\rmy, Prsventive Medicine Service, 
Office of the Surgeon General, United States .^rmy. The work was aided also in part 
by a grant to Duke University from the Lederle Laboratories, Inc., Pearl River, 
New York. 

t Consultant to the Secretaiy of War and a Member of the Commission on Acute 
Respiratory Disea3es,Board for the Investigation and Control of Influenza and Other 
Epidemic Diseases in the .\rmy. Preventive Medicine Service, Office of the Surgeon 
, General, United States .\rmy. 
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centrifuge and purified finally by repeated sedimentation in the quantity 
ultracentrifiige. The procedures involving use of the Sharpies centrifuge 
and the product thus obtained have been described in a separate report (8). 

Several different batches of concentrates were used separately for the 
present studies. The purified virus was suspended in concentrations of 
6.3 to 9.6 mg. of virus per ml. in a solution of 0.13 m NaCl and 0.05 m phos- 
phate buffer of pH 6.5. Estimation of virus content was made from 
Kjeldahl nitrogen determinations vith a convei-sion factor (9) of 6.66. 
The character of the concentrates may be judged from the single sharp 
boundaries of the sedimentation velocity diagrams described elsewhere (8). 



Density Of Suspending Medium 


Pig. 1. Sedimentation of the rabbit papilloma virus in aqueous solutions of bovine 
serum albumin of various densities. The ordinate of the continuous line is the 
product of observed virus sedimentation rate and the viscosity of water at the rotor 
temperature and that of the broken line is the relative viscosity of the suspending 
media at 25°. 

The bovine serum albumin was a crystalline fraction which Dr. Hans 
Neurath obtained from the Armour Laboratories, Chicago, Illinois, through 
the courtesy of Dr. E. J. Colin and Dr. H. B. Vickery. The albumin was 
dissolved in approximate^^ 25 per cent concentration in a solution con- 
taining 0.13 M NaCl and 0.05 m phosphate buffer of pH 6.5, which was 
identical with the solution used for suspending the virus. The stock al- 
bumin solution had a density of 1.0686 and the results of viscosit 5 ’’ measure- 
ments^ made on it at 25° gave the data shown in Fig. 1. The relative 
viscosity of the buffered saline solution, measured also at 25°, was 1.025. 

For the studies on the relation of sedimentation velocity to virus con- 

* The measurements of viscosity were verj’- generously made by Dr. John 0. 
Erickson. • 
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centration, the virus preparations ivere diluted to the desired virus content 
mth appropriate volumes of the buffered saline solution. 

The virus-albumin preparations for the density studies n-ere made by 
diluting the stock %irus suspensions with the buffered saline solution and 
miang with the stock albumin solution described above. These mktures 
contaiiied, in all instances, 2 mg. of vims per ml. and the respective amounts 
of bo\ine serum albumin required to vary- the density from 1.0083 (the 
densitj- of the buffer-saline solution) to 1.0686 in a series of five steps. It 
was necessary to mix fairly small volumes of the -virus preparations in order 
to conserve the supply. SmaU total samples of 0.8 to 1.0 ml. could not be 
made up b 3 ' pipette from the three ingredients with sufficient accuracj- for 
the work and, consequent.lj% the mLvtures were made by weighing to 0.1 mg. 
the stock solution of albumin of previouslj' measured densitj'. Virus in 
buffered saline was added and the total sample weighed to 0.1 mg. The 
density of the suspending medium surrounding the \irus particles was 



^ Vio. 2. A. series of typical schlieren photographs showing the progress, at 3 minute 
intervals, of the papilloma virus boundarj- as it moves down the ultracentrifuge cell. 
The radial distances measured to the different boundary positions yielded data for 
analysis such as that shown in Fig. 3. The concentration of virus was 3 mg. per ml. 

then calculated from these values. To prepare the sample containing the 
highest concentration of albumin, the -virus was sedimented in the ultra- 
centrifuge and resuspended in the imdiluted albumin solution. Vfhen a 
sample was prepared, about half of it was placed in the rotor cell of the 
ultracentrifuge immediately', and its sedimentation characteristics were 
recorded. Most of the remainder of the sample was similarlj’ studied the 
following day, and the residue was emploj-ed for pH measmement. 

Sedimentation velocity measurements were made in an air-driven ultra- 
centrifuge carrying a 4° sector-shaped cell 12 mm. high at a mean radius 
of 0.5 cm. The cell thickness was a mm. Photographic record of the 
sedimenting boundary' was made by virtue of its accompanying refractive 
mdex gradient. Schlieren pictures were taken with a lens sy-^stem giving 
2 X magnification in the direction of sedimentation. Because of the high 
degree of homogeneity of the papilloma virus and the short time of sedi- 
mentation, little change in the position of the “.schlieren cutter” was neces- 
ssiy during the runs. In Fig. 2 there is shown a representative series of 
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photographs- made at 3 minute intervals while the rotor turned 210 r.p.s. 
Measurements to locate the boundary positions on the negatives were made 
■with a traveling microscope equipped with low power lenses. In each case 
the mid-point of the shadow was taken as the position of the boundary. 
Common logarithms of the radii obtained from this plate are shown in Fig. 
3 plotted against time, giving the line whose slope was used for sedimenta- 
tion velocity calculations as follows: 


2. 303 (login R} — login R) 
60«* (7*1 - Ti) 


= JCtsIope) 


( 1 ) 


where Ri and are radial distances in cm. to the boundary at times Ti 
and Ts measured in minutes; u is the angular velocit}'^; and K is the constant 
for a given rotor speed. 



Time In Minutes 

Fig. 3. Analysis of a series of schlieren photographs showing the login of the radial 
distances plotted against time. The slope of the line is proportional to the sedimen- 
tation rate. 

In all of the determinations, care was taken to have the temperature of 
the sample the same as that of the rotor. The temperature of the rotor 
Avas measured before and after each run to provide a mean value from which 
density and ■viscosity corrections were calculated. 

Results 

The findings concerned Avith the dependence of sedimentation Amlocity 
on virus concentration are illustrated in Fig. 4. The sedimentation con- 
stants (iSjoO of a single virus preparation at various virus concentrations 
fall on a straight line inclined only slightly to the horizontal, shoAAung a 

* These photographs supplied the data for the point of Fig. 4 corresponding to 3 mg. 
of virus per ml. 
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to sedimentation offered bj- the fluid through ■u-hich movement is imminent. 
The sedimentation constant, as defined by Svedberg for protein molecules, 
is the sedimentation rate corrected to the densitj' and %'iscosit}' of water at 
20° (S-oO- These corrections are applied as follows: 




( 2 ) 


where the symbols have the following meanings: 17? = the \’iscosit5' of water 
at the temperature of the centrifuge run; ijm* = the \TScosity of water at 
20°; 17,, = the viscositj' of the suspending medium at the tempTerature of 
the centrifuge run; pjo- = the density of water at 20°; pi = the densitj- of 
the suspending mediiun at the temperature of the centrifuge run; F-o> = the 
partial specific volume of the ^drus at 20°; Vt = the partial specific volume 
of the virus at the temperature of the centrifuge run; and S = the observed 
sedimentation rate. 

This is a convenient form of the equation, for the first parentheses hold 
the temperature correction for the viscosity of water which varies from 
run to run; the second hold the correction for relative viscosity of the buffer 
solution, which is constant over a fairly great temperature range; and the 
third hold the correction for buoyancy. The relationship between the 
fundamental quantities influencing sedimentation can be indicated as 
follows: 


(Particle volume) (p, — p{) o’fi 



( 3 ) 


where crR is the centrifugal field strength; the particle volume times the 
difference between the density of the vims (pr) and that' of the suspending 
medium (p() is the unbalanced mass; and / is the frictional resistance per 
unit velocity dR/dt in the R direction. If the particle is a sphere, as indi- 
cated by electron micrographs (10), then its volume is known in terms of its 
radius. Its frictional coefficient, according to Stokes, is known also in 
terms of its radius, r. The relationship (Equation 3) now becomes 

4 , „ dR 

- (pr — pt)<^R = 6x17, r — 

3 dt 


therefore. 


by definition of S, 


2 IdR 

-r’-(p, - p,) = 3.7., 3 v.,S 


= 3 i/I^ 

y 2(p.- 


Pt) 


( 4 ) 
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The linear relationship between t},,S and pi or (p„ — p,) predicted by 
these equations is borne out in the present experiments, as is showm in 
Fig. 5. Assuming that particle size, shape, and density of the virus are 
unaltered as the bovine albumin density around it changes (a condition 
suggested but -not proved by the linearity of the relationship), the virus 
density calculated from these data is 1.133 for the region under investiga- 
tion. In order to obtain virus particle size, the value of at infinite 
viims dilution. Fig. 4, is necessaiy and yields, with appropriate substitution 
in Equation 4, th 0 »value of the radius r = 33 X 10"^ cm., or 33 mp. 

If the virus particle is thought to be composed of a substance whose 
diy density is 1/F and some quantity of water, this quantity can be calcu- 
lated from V and p„. The partial specific volume of the papilloma virus 
determined in previous work (11) was 0.754; pycnometric measurements on 
the material employed in the present studies gave 0.761. When the value 
0.761 is used, the calculated amount of water associated \vith the virus 
particle is 58 per cent by volume, or 1.04 gm. of water per gm. of dry 
^^rus. If the liquid part of the sedimenting \arus unit is not water but 
buffer salt solution (p = 1.0083), the value is 59 per cent by volume. 

DISCUSSION 

In the present studies, the sedimentation velocity of the papilloma virus 
in bovine serum albumin solutions, corrected for known conditions of the 
experiment, was found to be related in a linear fasliion to the density of 
the suspending albumin solution. With the data thus obtained, the density 
of the Aims particles Avas found to be 1.133 in the region iuA^estigated. 
"With respect to the character of the relationsliip between density of the 
suspending medium and the sedimentation A'elocity of the vims, the results 
with the papilloma Airus Avere analogous to the findings Avith influenza 
Airuses A and B and the sAAine influenza Aims (5, 6). In the AAwk AAith 
the papilloma Aims, greater accuracj’- in estimating sedimentation velocity 
AA'as necessary in order to attain a comparable degree of precision in the 
final A’alue of density because the slope of the line, tjS versus (p„ — pi), for 
the papilloma Aims is less than the analogous slopes for the influenza virus. 
The smallness of size and the relatiArely great density of the papilloma vims 
account for this and necessitate the AA'eighing of samples and correction for 
appreciable sedimentation of the borine semm albumin itself. 

The densitj'^ value, 1.133, considered AAith the partial speciflc volume 
0.761, reveals the presence of a large amount of AA-ater associated Avith the 
papilloma virus particle, and the diameter of a spherical particle of this 
sort (10), 66 m/i, is much gi-eater than the size, 44 mp, observed from elec- 
tron micrographs (10). Removal of the 58 per cent Avater, if it AA^ere ac- 
companied bj"^ 58 per cent shrinkage in the volume of the particle AAithout 
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change in shape, would reduce the diameter of the particle to 48 m;i. The 
agnificance of such a value, however, is questionable, for the shrink^e, if 
any, might not be as much as 58 per cent. In the initial measurements in 
electron micrographs it was realized (10, 12) that the values for the di- 
ameter might be low because of the ob\-ious diffuseness in particle limits 
It is possible that the difference between the values 66 and 44 mu maj' be 
associated ^th both difiBcultj’ in measurement in electron micrographs 
and shrinkage of the particle on drying. No e\'idence has been found for 
shrinkage of bacteria (13), but the diameters of influenza \irus particles 
observ^ed in electron micrographs (6) are generally significantly lower than 
those calculated from obser\’ed density and sedimentation velocity' data. 

In previous work (11) direct measurements were made on the rate of 
diffusion of a preparation of papiUoma \'irus which was characterized by a 
sedimentation constant of 280 X 10““ and a dry- density of 0.754. The 
diffusion constant of the material was G;65 X 10“®. Markham, Smith, 
and Lea (14), in calculations from the above data together with the electron 
micrographic e\idence of the \'irus particle shape (10), predicted the value 

73.4 m^ for the particle diameter and 1.88 gm. of water in association with 
1 gm. of the dry \irus. From the data of the present work, the diameter of 
the particle in aqueous media was 66 m/i, the amount of associated water 

1.04 gm. per gm. of dry' ^irus, and the calculated diffusion constant 7.2 X 
10“* cm.” per second. On consideration of the many factors possibly 
involved, the two sets of data and calculated values are not necessarily in- 
consistent. Measurement of diffusion constants, especially of such large 
particles, may be subject to considerable variation. It should be noted 
that small differences in the rate of diffusion of particles in this range of 
size and degree of hydration reflect relatively great differences in both 
size and water content. The same is true, also, for variation in the values 
of the sedimentation constant, but measurements of sedimentation velocity 
for this size range are of far greater accuracy than diffusion measurements. 
There is reason to believe, however, that the differences between the pre- 
■\-ious data and those of the present work may' reflect, at least in part, actual 
variation in the characters of the papilloma ^-irus from one preparation to 
another. It is well to recall that the sedimentation velocity studies of the 
previous work (11) were made on twelve different purified -^-irus prepara- 
tions and that the values observed varied from 266 to 288 about a mean 
value of 278.3 Svedberg imits. Such variation is well outside the limits 
of error of the method of measurement and might be accounted for either 
on the basis, possibly', of dissy'mmetry' in shape or, more probably', of the 
amount of water associated w'ith the particle. It is imlikely' that the 
chemical constitution of the \'irus is subject to great differences, since the 
values of dry density', 0.754 for the material of the prerious work and 0.761 
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for that used here, show small variation. If the papilloma virus is assumed 
to be molecular, variation in e.vperimental data is difficult to e.vplain. On 
the contraiy, variation among living organisms is to be expected. 

The interpretation of the data relative to diffusion, size, and shape of 
the papilloma virus previously obtained (11) obviously ivas greatly in 
error. These interpretations were based on the judgment that the pre- 
ponderance of evidence then available indicated that the papilloma virus 
was a molecular nucleoprotein. Recent e.vperience in the study of animal 
viruses (12), especially with the electron microscope, renders this position 
untenable at the present time. Electron micrographic studies on the 
influenza (15-17), vaccinia (18), and equine encephalomyelitis viruses (19) 
have revealed variations in structure, shape, or size which definitely remove 
these agents from the category of molecular materials. Because of the 
low contrast in the electron micrographic images of the papilloma virus 
(10), unequivocaUevidence of rtiorphological variation in the papilloma 
virus has not yet been obtained. The conclusion cannot be evaded, how- 
ever, that the properties and behavior of the papilloma virus revealed in 
electron micrographs and in the present work are much more closely similar 
to those of the viruses mentioned above and to living matter in general 
than to the characters expected of molecules. 

SUMMARY 

Studies were made on the -sedimentation velocity of purified papilloma 
virus in bovine serum albumin solutions of various concentrations and 
densities. The relation of sedimentation velocity to the density of the 
medium was linear in the region studied when suitable corrections were 
made for viscosity of the medium and the sedimentation of the albumin 
molecules occurring in the centrifugal fields employed. From this relation- 
ship, calculations of the density of the virus particle in aqueous suspension 
gave the value of 1.133. The partial specific volume of the ^drus material 
studied was 0.761, which is in satisfactoiy agreement ■with pre\dous find- 
ings, 0.754. By extrapolation of the linear relationship of sedimentation 
velocity to virus concentration, the sedimentation constant at infinite virus 
dilution was found to be 297 X 10~*^ From the sedimentation velocity 
data and the density of the particle 'with associated water, the diameter of 
the hydrated spherical particle was 65.6 m^i. With the reciprocal of the 
partial specific volume, 1/0.761, as the drj^ density and the value 1.133 
as the ■wet density, the amount of water associated Avith the virus was 
calculated to be 58 volumes per cent, or 1.04 gm. of water per gm. of diy 
■virus. The calculated diffusion constant for particles of these characters 
•was 7.2 X 10~*. 
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For the quantitative determination of glycogen in tissues a choice of 
methods is avahabie. If the organ under investigation contains no other 
alkali-stable polysaccharides besides glycogen, the quantitative method 
introduced by Bernard (1) and improved by Pfluger (2) can be used. The 
pulped tissue material, is treated with an equal volume of hot 60 per cent 
potassium hydroxide solution and precipitated with a like volume of alco- 
hol. The precipitate is washed and the purified residue dissolved in water 
and hydrolyzed in hydrochloric acid. The resulting glucose is then de- 
termined by one of the available reduction methods (3-5). Sdrensen and 
Haugaard (6) determined the resulting glucose by means of a colorimetric 
method nith orcinol. Heatly (7) modified Pfluger’s method so that as 
little as 1 mg. ±27 could be determined. After the hydrolysis the re- 
ducing sugar was determined with the method described by Linderstrpm- 
Lang and Hoi ter (8). Good, Kramer, and Somogyi (9) abbremated 
Pfluger’s method, and determined the glycogen after hydrolysis as re- 
ducing sugar by the method of ShaflFer and Hartmann (3). Jung (10) 
described a colorimetric method for the determination of glycogen in large 
amounts of liver tissue (10 gm.), in which the color produced with iodine is 
used as a measure for the glycogen concentration. In all these methods 
except Jung’s procedure, the glycogen is determined indirectly, and usually 
more than one transfer of the solutions is ‘necessary. 

For some of our studies on the tissue metabolism of guinea pigs deficient 
in the antistifTness factor (11) it was necessary to determine the glycogen 
present in tissue slices before and after the experiment. Since only a 
maximum amount of 75 mg. of tissue was available for the determination, a 
rapid direct colorimetric method requiring as little transfer as possible 
would be of great advantage. We have developed a micro colorimetric 
method adapted to the Klett-Summerson colorimeter with which the 
glycogen present in slices weighing approximately 50 mg. could be accu- 
rately determined. Only one transfer is necessary, since the precipitation 

• Supported by grants from the Williams-Waterman Fund of the Research Cor- 
poration and from the General Research Council of the Oregon State System of 
Higher Education. 
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of the glycogen and the subsequent developing of the color are carried out 
in the same colorimeter tube. In our hands the method has given good 
results and satisfactory recovery values could be demonstrated. 

EXPERIMENTAL 

Reagents — 

1. Potassium hydroxide solution, 35 per cent. 350 gm. of potassium 
hydroxide are made up to 1 liter in boiled (C02-free) distilled water. The 
solution is stored in a Pyrex bottle equipped with a soda lime tube. 

2. Ethanol, 95 per cent. 

3. Hydrochloric add, concentrated. 

4. Pherwlphthalein, 1 per cent solution in 50 per cent ethanol. 

5. Liigol’s solution. 1 gm. of iodine is dissolv'ed in a solution containing 
2.0 gm. of potassium iodide in 20 cc. of water. The solution is kept in a 
well stoppered dark bottle. 

6. Stock glycogen solution. 25 mg. of glycogen’ (Eastman Kodak Com- 
pany, White Label) are dissolved in 25 cc. of a 35 per cent potassium h)'- 
droxide solution. The solution keeps well if stored at room temperature. 

Method 

A tissue slice (liver, kidney) or muscle strip, weighing from 50 to 75 
mg., is dropped into 2 cc. of 35 per cent potassium hydroxide solution con- 
tained in a G inch Pyrex test-tube which is equipped with an air condenser. 
The tube is placed in a boiling water bath and the contents are reflu.xed 
for 2 hours. At the end of this period, the digest is filtered through 
starch-free filter paper (^\^latman No. 41) into a calibrated colorimeter 
tube (Idett Manufacturing Company, Inc.) in which a crystal of potas- 
sium iodide is placed. The residue on the filter paper is washed with 1 
cc. of distilled water. The filtrate is made up to 10 cc. with 95 per cent 
ethanol, 1 drop of indicator is added, and the contents of the tube are 
thoroughly mixed by lateral shaking. The solution is then neutralized 
with concentrated hydrochloric acid. After the mixture has cooled to 
room temperature, 1 drop of hydrocliloric acid is added in excess to coagu- 
late the glycogen, a process w-hich is completed in about 3 minutes. The 
tubes are then centrifuged for 5 minutes at 3000 r.p.m. in an angle centri- 
fuge. The supernatant liquid is decanted and the precipitated glycogen is 
dissolved in 1 to 2 cc. of warm distilled water. This solution is diluted to 
the 5 cc. mark and exactly 0.05 cc. of Lugol’s solution is added from a 
micro measuring pipette. The contents of the tube are mixed well by 

* The glycogen used for the standard should be dried to constant weight and its 
purity determined according to one of the standard methods (9). The glycogen 
used for our standard was 9S.4 per cent pure. 
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inversion and the color is read inunediatelj' in the colorimeter equipped 
with a No. 54 filter. The blank reading is given by a solution containing 5 
cc. of distilled water and 0.05 cc. of Lugol’s solution. A reading of the 
standard is included in each series of determinations. This standard is 
prepared b 3 ' diluting 1 cc. of the stock solution with 1 cc. of 35 per cent 
potassium hydroride solution. This mixture is then carried through the 
same procedure as that described above for the precipitation and color 



Fig. 1. Relation between glycogen concentration and colorimeter readings. 
Upper curve, glycogen dissolved in potassium hydroxide solution (see the text); 
lower curve, glycogen dissolved in distilled water. The points are averages of tripli- 
cate determinations. 


development in the actual glycogen determination in tissue slices. The 
glycogen content of the sample is caladated from the formula. 


% glycogen = 


(reading of sample) — ( reading of blank) 
(reading of standard) — (reading of blank) 


X 


too 

weight of sample 


or read from the calibration curve. 


Resulls 

It was found that the colored solution follows Beer’s law if the concen- 
tration of the glycogen ranges from 0.05 to 2 mg. per 5 cc. (Fig. 1). A 
lower color density results when the glycogen is dissolved in water and 
directly treated with Lugol’s solution. Varying concentrations of potas- 
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Table I 


Glycogen Determinations at Various Levels of Liver Glycogen 


Liver source 

Liver 

Glycogen found 

Glycogen 


mg. 

mg. 

per cent 

Normal guinea pig 

71.6 

11.69 

16.3 


72.0 

12.31 

17.1 


80.8 

13.59 

16.8 


104.0 

15.10 

14.5 


123.9 

19.43 

15.7 


127.0 

23.50 

16.3 

Mean i: standard error . . 

16.1 ±0.3 

Guinea pig fasted for 24 

44.6 

0.29 


hrs. 

47,7 

0.37 



55.4 

0.38 



56.2 

0.37 



81.6 

0.4S 

0.59 

Mean ± standard error 

0.65 ± 0.02 


Table II 


Recovery of Glycogen Added to Liver Slices 


Liver tissue 

1 Glycogen in 
' tissue 

Glycogen 

added 

Total glycogen 
found 

Glycogen 
recov cred 

Recovery 


' (a) 

1 

0) 

M 

fc — a) 


mg. 

mg. 

mg. 

mg. 


per cent 

51.2 

0.12 

1.00 

1.13 


101 

60.8 

0.15 

1.00 

1.10 


95 

61.4 

0.15 

1.00 

1.07 


93 

52.1 

0.12 

1.00 

1.11 

0.99 

99 

64.8 

0.16 

1 00 

1.06 

0.91 

91 

48.6 

0.12 

1.00 

1.20 

1.07 

107 

81.3 

2 90 



1.10 

110 

67.5 

2.45 


3.43 

0.98 

98 

96.4 

0 44 


1.00 

0.56 

112 

89.0 

0.25 


0.80 

0.55 

110 

Average 

101.6 


Slum iodide added to the solution of glycogen in distilled water did not 
increase the color intensity. Only after the glycogen is subjected to the 
alcohol treatment does the color deepen. It is because of this difference 
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in behavior that the stock solution of glycogen is made up in the strongly 
alkaline solution and that the standard determination is carried through 
the same procedure as the glycogen determination in tissues. The differ- 
ence in the intensity of the iodine color of glycogen dissolved in \vater 
compared to glycogen after precipitation with alcohol is probably due to 
the inclusion of potassium chloride in the precipitate. This, however, 
should not interfere with the accuracy of the method, since the same 
amounts of potassium hj-dro.vide, hj'drochloric acid, and alcohol are 
always used in each determination. 

In Table I the concentrations of glycogen in the livers of guinea pigs on a 
stock diet and of guinea pigs which had been fasted for 24 hours before the 
e.vperiment are presented. It will be noted that the standard errors are 
small. 


T.vble III 


Comparison of Colorimetric Method icith Glycogen Determination according to Good 

et Al. 


Good, Kramer, and Somogyi method 

j Colorinetri'c method 

Uver 

Glycogen 

LiVer 

Glycegea 


per cent 

gn. 

per uKt 

1.253 

2.97 

0.1000 

3.17 

1.052 

3.01 


2.9S 

1.165 

3.15 


i 3.13 

Average 

3.04 

sSm 

I 

3.09 


Gl 3 'cogen values found \vith the proposed method cannot be considered 
valid unless satisfactory recovery' values of added glycogen can be obtained. 
It can be seen from Table II that the recovery of amounts of glycogen 
ranging from 0.5 to 1 mg. are within the e.vperimental error. 

The determination was compared with that according to Good et al. 
and good agreement was found (Table III). 

STIM5U.BT 

A rapid colorimetric determination of glycogen in tissue slices is de- 
scribed. The method makes use of the color produced when glycogen is 
treated uith iodine. Satisfactory recov'ery values can be obtained. Good 
agreement exists between the values obtained bv' the determination of 
glycogen according to Good, Kramer, and Somogyi and bj- the proposed 
method. 
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STRUCTURAL REQUIREMENTS FOR DIABETOGENIC ACTION 
m ALLOXAN AND RELATED COMPOUNDS 

Br PHIL HARTER HIDY 

(F rom the Department of Biochemistry, College of Medicine, Baylor University, Souston) 
(Received for publication, December 7, 1945) 

Investigators have been unable to alter the structure of alloxan vrithout 
loss of diabetogenic activitj'. Related compounds reported to be without 
action on the islet tissue of the pancreas or on blood sugar are mesoxalic 
acid (1), formylurea (1), formyloxaluric acid (1), parabanic acid (1, 2), 
uramil (2), oxaluric acid (1), violuric acid (2, 3), dialuric acid (1, 3), isodia- 
luric acid (1), isobarbituric acid (1), alloxanic acid (1), barbituric acid 
(1, 3), and benzalbarbituric acid (2). 

The purpose of this investigation was to prepare, and test for diabeto- 
genic action, several compounds not already reported in the literature re- 
lated either by structure or chemical properties to alloxan, with the object 
of determining, if possible, the particular portions of the alloxan molecule 
responsible for the diabetogenic action. 

EXPERIMENTAL 

Table I summarizes the materials tested. Sprague-Dawley and Wistar 
albino rats weighing from 120 to 250 gm. were used. Water-soluble com- 
pounds were dissolved in water; those insoluble in water were either 
dissolved or suspended in propylene glycol. Both subcutaneous and intra- 
peritoneal injections were tried in most cases. The animals were kept in 
metabolism cages and were fed a diet of commercial dog chow. All animals 
were observed for a period of at least 5 days after injection and the urine- 
was examined qualitatively (Benedict’s test) for the presence of sugar. 
Since the purpose of the work was to establish the efiBcacj" of the compounds 
tested in producing a permanent diabetes mellitus, blood sugar determina- 
tions were done only when glycosuria developed or when animals appeared 
to be in a condition suggesting hj’poglycemic shock. All blood sugar deter- 
minations were done according to the method of Folin and Mahnros (9). 

Table D summarizes the results obtained with the compounds listed in 
Table I. 


DISCUSSION 

Negative results obtained with sodium mesoxalate, ethyl mesoxalate, and 
mesoxalamide serve to substantiate the earlier work, mentioned above, 


307 



308 


DIABETOGENIC ACTION OP ALLOXAN 


which indicated that the intact pyrimidine ring is essential for diabetogenic 
activity. 


Table I 


Summary of Compounds Tested 


Compound 

tested 

Stiuctutc 

Compound 

tested 

Structure 

Sodium me- 

NaOOCCOCOONa 

Benzoylenc 

0 

soxalate 

(4)* 

i 

1 

1 1 

urea (7) 

H (1 

C C 

Ethyl mo- 
so.xalatc 
(4) 

CjHsOOCCOCOOCiH, | 


HC C NH 

1 II 1 

Mesoxala- 
mide (5) 

H.NOCCOCONHj 


HC C C=0 

Kinhydrinf i 

1 

i 

0 

H li i 

C C 


C N 

H H 


^ \ / \ OH 

Mono- 

0 


HC C \ / 

methyl 

II 


1 11 C 

alloxan 

C 

1 

HC C / \ 

\ / \ / OH 

c c 

H II 

0 

(8) 

/ \ 

0==C NCHi 

1 1 

I o~C c==o 

\ / 

N 

Isatin (6) | 

H 

C 


H 


\ 

HC C C=0 

Dimethyl 

alloxan 

0 

• 1! 

1 

1 II 1 

HC C C=0 

\ / \ / 

C N 

H H 

(8) 

1 

1 

c 

/ \ 

0=C NCHj 

1 1 

0— c c=o 

\ / 

N 

CH, 


* The figures in parentheses are bibliographic reference numbers, 
t Eastman Kodak Company. 


Allo.xan shares with triketohydrindene (10) and isatin (11, 12) the prop- 
erty of oxidative deamination of a-amino acids with the production of alde- 
hydes containing 1 less carbon atom (13, 14). With the idea in mind that 
the actual diabetogenic agent might be one of these aldehydes, ninhydrin 
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and isatin were tested. Ninhydrin, as expected, proved highly toxic, but 
blood sugar determinations failed to show any permanent alteration of the 
glucose concentration, although a slight transient hyperglycemia was noted 
in some rats.^ Isatin had no activity and did not appear to be toxic in the 


Table II 

Summary of Experimental CondiiioTvs and Results 


CoTOpotind tested 

No. of 
animals 

Dose 

Concen- 

tration 

Results 



me. P‘r H. 

per etnt 


Sodium mesoxalate 

12 

30-S00*t 

1 -5 

None 

Ethyl 

3 

326* 

5 

<< 

Alesoxalamide 

12 

300-600tt 

2.5 -5 

tt 

Isatin 

6 

60-200f 


it 

Triketohydrindene 
hydrate (ninhydrin) 

44 

3^300‘ 

0.5 -5 

Slight transient hyperglycemia ; 
toxic in doses greater than 
40-50 mg. per kilo 

Benzoylene urea 

12 

25^*t 

1 -2 

Mild anesthesia, no blood 
changes 

Monomethyl alloxan 

10 

200-250t 

3 

Strong glycosuria in 18 hrs.; 
.permanent hyperglycemia in 
all animals 

Dimethyl alloxan 

23 

150-300*t 

1 -3 

Produced death in doses over 
150 mg. per kilo without al- 
teration of blood sugar; no 
blood sugar changes from 150 
mg. per kilo 


• Intraperitoneally. 
t Subcutaneously. 

X In propylene glycol. 


dosages tried. This evidence would indicate that the reactions of alloxan 
involving similar oxidations are not responsible entirely, if at all, for the 

* It was suggested that injected ninhydrin present in the blood stream reacting 
with the Folin-Malmros ferricyanide-cysnide reagent might account for the observed 
hj’perglycemia. To determine whether tins might be true, blank determinations 
were run on ninhydrin solutions containing a quantity of ninhydrin equivalent to 
that which would be present in 0.1 ml. of whole blood after the injection of 35 mg. 
per kilo. Although the route of injection was intraperitoneal, it was assumed that 
the entire quantity might be present in the blood stream after 1 hour. For purposes 
of calculation, a blood volume of 50 ml, per kilo was used. Such quantities of nin- 
hydrin gave a blank color equivalent to about 16 mg. per cent of sugar. The average 
elevation of the blood sugar of seven rats 1 hour after injecting 35 mg. of ninh ydrin 
per kilo was 42 mg. per cent. It is felt that although the suggested reaction of nin- 
hydrin with the sugar reagent might account for a small part of the rise noted it 
could not represent more than a few per cent-of the increase. 










310 


DIABETOGENIC ACTION OF ALLOXAN 


diabetogenic activity of tliat compound. The fact that dialuric acid is 
incapable of producing a permanent hyperglycemia (3) may be taken as 
evidence that, although the oxidizing properties of alloxan do not play a 
direct part in the diabetogenic activity of that compound, at least it is es- 
sential that the molecule be in the oxidized form. 

Seven animals receiving monomethyl alloxan developed a permanent 
hyperglycemia, while three died. Two of these three were given 250 mg. 
per kilo doses; the other received 200 mg. per kilo. Only one animal sur- 
vived 250 mg. per kilo and at the end of 3 days had a blood sugar level of 
066 mg. per cent. Blood sugar in animals receiving 200 mg. per kilo aver- 
aged 385 ± 45 mg. per cent. All these animals excreted acetone and 
acetoacetic acid. After 1 month, all were still excreting large quantities 
of sugar. 

The striking difference in the actions of monomethyl allo.xan and di- 
methyl alloxan may be attributable to the presence in the former (and 
alloxan itself) and the^ absence in the latter of a labile hydrogen atom at- 

O O 


II II 

c c 


/ \ 

/ \ 

o=c 

N— CH, 

0=c N— CH, 

- 1 1 

o=c 

C=0 

m 

o 

II 

— o 

— o 

II 

o 

\ / 

\ / 


N N 


H 

tached to nitrogen. Migration of this labile hydrogen to the oxygen of 
either adjacent carbon atom produces a compound containing 2 nitrogen 
atoms of differing basicity. Benzoylene urea, in which a similar system 
exists in regard to the nitrogen atoms, failed, however, to produce any 
changes resembling diabetes. 


0 


H II 

C C 



x/ 

\ 

HC 

c 

NH 

HC 

c 

C==0 

\ 

\ 

/ 



C N 


H H 


O 


H II 

C C 



\ 

/ 

\ 

HC 

C 

NH 

HC 

c 

C— OH 


/ \ 

/• 


C N 


H 
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These pieces of evidence are particularly interesting in view of the fact 
that the onl5’’ other compound at present recorded in the literature as pos- 
sessing a selective necrotizing action on pancreatic islet tissue is 2(p-acetyl- 



CHi Cl- 


aminostyTyl)-6-dimethylaminoquinoline methochloride (15), in which 2 
nitrogen atoms of different basicity are joined by a ^stem of conjugated 
double bonds. 


STJMMAET 

Eight compounds related by structure or chemical reactions to alloxan 
have been tested for diabetogenic action on white rats. 

Monomethyl alloxan is capable of producing experimental diabetes meHi- 
tus in white rats; neither dimethyl alloxan nor any of the other compounds 
tested was diabetogenic. 

The significance of these results in relation to the structural requirements 
for diabetogenic action has been discussed. 
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ON THE DETEEinNATION OF PLASMA IODINE* 

Br ALATX TAXJROG akd I. L. CHAIKOFF 

(From the Dicision of Physiology, University of California Medical School, 

Berkeley) 

(Received for pnblication, December 3, 1945) 

During the past few years several methods for the estimation of micro 
amounts of iodine in biolopcal materials have been developed. After the 
testing of several of these (l-3)» the one selected for use in this laboratorj' 
was that published by Chaney in 1940 (3). ‘With a few changes this pro- 
cedure was found to yield satisfactoiy results for the determination of iodine 
not only in 3 cc. of plasma, but also in small amounts of thyroid tissue and 
in dietaiy' mixtures. 

In the present communication the results of various tests carried out to 
estabhsh the reh'abilit 3 ’ of the Chaney method as used in this laboratoij' are 
reported. The isotope of iodine, I'”, proved most useful in testing the 
method. Since its amount is determined onlj’ by a Todioadire measure- 
ment, it provided a convenient and hi^lj- specific means for following the 
beha’sdor of iodine in various steps of the procedure. 

The method has also been emploj-ed to compare the plasma iodine levels 
of several common laboratoiy animals. 

EXPERIMENT.U, 

Organic material is digested T\ith a mixture of chromic and sulfuric acids, 
a process that oxidizes iodine to non-volatile iodic acid. The latter, to- 
gether -tt-ith the excess chromic acid, is reduced with phosphorous acid, and 
the volatile iodine formed therebj’ is distilled and trapped in an alkaline 
solution. The iodine is then measured bj' its catalytic effect on the reduc- 
tion of ceric sulfate by arsenious acid.. 

Preparation of Reagents — 

Dislilled water. Double distilled water was used in the preparation of all 
solutions described below. Laboratory-distilled water was redistilled in an 
all-glass still in the presence of KOH. 

70 per cent sulfuric acid. Sulfuric acid was freed of traces of iodine by 
adding 10 cc. of concentrated HCl to 2 liters of concentrated sulfuric acid 
and boiling the mixture for 1 to 2 hours. 195 cc. of the acid were added to 
150 cc. of distilled water. 

* Aided by grants from the Commonwealth Fund and the Committee for Research 
in Endocrinology* of the National Research Council. 
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OJS N arscnious acid in 1.6 n HtSOt. 3.71 gm. of AsjOj were dissolved 
in a strong aqueous solution containing 2,5 gm. of NaOH. The solution 
obtained was then diluted to a volume of 250 to 300 cc. and neutralized with 
purified concentrated H2SO4. This was followed by the addition of 21 cc. 
of purified concentrated H2SO4, and the solution made up to a final volume 
of 500 cc. 

Iodide solutions. A KI solution that contained 10.0 7 of I per cc. was 
freshly prepared every few months and stored in a dark bottle. From it 
were prepared the dilute standard solutions used in each measurement; the 
dilute solutions were renewed every fe\v weeks. 

60 per cent phosphorous acid. This was prepared by adding 100 cc. of 
water to 100 gm. of crystalline phosphorous acid. The crystalline product 
obtained from the General Chemical Company was tested and found to be 
satisfactory wdthout further purification. 

The following solutions were prepared in the manner described by Chaney 
(3) : 60 per cent solution of chromic acid, 0.1 n ceric ammonium sulfate, and 
1 per cent solution of NaOH. 


Procedure 

3 cc. of plasma were used in all determinations. When total iodine was 
measured, this amount of plasma was added directly to the digestion mix- 
ture. In the determination of protein-bound iodine, the protein of 3 cc. of 
plasma was precipitated wdth zinc hydro.xide as described by Man el al. (4). 
The precipitate was separated by centrifugation and washed two or three 
times with 20 cc. portions of distilled water. 

Digestion — Plasma was digested with a mixture of 25 cc. of 70 per cent 
H2SO4 and 2 cc. of 60 per cent chromic acid in a two-neck, 300 cc. round 
bottom flask provided with interchangeable ground glass joints (3). In the 
determination of total iodine, 3 cc. of plasma were added directly to this 
digestion mixture. When protein-bound iodine was measured, the washed 
protein precipitate was first dissolved with 15 cc. of the H2SO4 and trans- 
ferred quantitatively mth an additio'nal 10 cc. of 70 per cent H2SO4 to the 
digestion flask, which already contained the 2 cc. of chromic acid. The 
flasks were heated with 250 watt electric heaters and the contents agitated 
at the start of the digestioh. Carborundum chips were found to be quite 
effective in promoting smooth boiling. The digestion was allowed to pro- 
ceed until the flasks were fairly well filled with fumes; this occurred, as a 
rule, 1 to 2 minutes after the onset of fuming. At this point the flasks were 
removed from the electric heaters and allowed to cool. When the digestion 
mixture was sufficiently cool, 15 cc. of double distilled water were added and 
a second digestion carried out, as above, in order to insure the removal of 
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all volatile material which might interfere in the subsequent colorimetric 
determination. 

Distillation of Iodine — A special still of the type designed by Chaney was 
used (3). In order to facilitate the removal of the distillate, a stop-cock, as 
described by Talbot et al. ( 2 ), was attached to the trap. 

The digestion mixture was allowed to cool and 25 cc. of double distilled 
water added. The flask was then coimected with the distillation apparatus 
described above and placed on a 350 watt Cenco electric heater. 

The dropping funnel was now inserted into the side neck of the flask and 
3 cc. of phosphorous acid placed in it. 

As soon as liquid began to condense in the trap of the stiU, 1.2 cc. of 1 per 
cent NaOH were introduced into the trap by way of the condenser, which 
was adjusted to permit delivery' into the trap. The condensed liquid as 
well as the NaOH served to seal the trap, and as soon as this occurred the 
phosphorous acid was added slowly from the dropping funnel. It was found 
advisable, as suggested by Chaney (3), to blow the acid into the flask in 
order to prevent loss of iodine by' way' of the stop-cock of the dropping 
funnel. For the first 30 seconds the condenser was turned to permit the 
condensate to enter the trap, a procedure that served to collect in the trap 
iodine that may have reached the condenser during this interval. The 
condenser was then adjusted so that the condensate returned to the boiling 
flask. The distillation was found to be complete in 5 to 7 minutes; the 
standard procedure adopted in all determinations was to distil for 7 minutes. 
At the end of the distillation period the contents of the trap were run 
through the stop-cock into a graduated 15 cc. centrifuge tube. The still 
was washed -a-ith a minim um of water; the total volume of distillate plus 
washing usuafly' amounted to 13 to 14 cc. 

Colorimetric Determination of Iodine — ^The determinations were carried 
out with a Klett-Summerson photoelectric colorimeter with the blue filter. 
No. 42. 4 cc. aliquots of the distillates were taken for the determination. 
To these were add^ 1 cc. of distilled water, 0.4 cc. of arsenious acid reagent, 
and, at a specified interval before the colorimetric readings were to be made, 
0.3 cc. of ceric sulfate reagent. 

Two blank samples were digested and distilled with each set of determi- 
nations for the preparation of the standard cun'es. The distillates from 
such samples were assumed to contain all the contaminating iodine present 
in the reagents as well as other substances which might affect the course of 
the colorimetric reaction. The two blank distillates were pooled and 4 cc. 
aliquots delivered into each of five colorimeter tubes. To each tube was 
then added 1 cc. of one of the dilute standard iodide solutions that contained 
amounts of iodine varying from 0 to 0.10 7 . Each tube thus served as a 
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single point for the standard curve. These standard sampifs were equal in 
volume to the unknown and had been obtained b}" treatment similar to that 
of the unknown. In this manner the standard curves Avere corrected for the 
reagent blank. Standard curA’es obtained on different days usuallj' agreed 
within 10 per cent. ' 

After the addition of 0.4 cc. of arsenious acid reagent to all samples, the 
colorimeter tubes were placed in a suitable rack and transferred to a bath 
maintained at 30° ±0.1°. Since the color to be measured changes rapidly 
with time, it was necessary to read the color of each sample at a definite 
interval after the addition of the ceric sulfate. 0.3 cc. of ceric sulfate rea- 
gent Avas added to each tube at interA'als of c-vactl}’- 30 seconds. The ceric 
sulfate Avas accurately delivered bj’’ means of a syringe-pipette of the type 
described by Chaney (5). This interAml alloAvcd ample time for each tube 
to be shaken thoroughly after the addition of the eerie sulfate. Colorimetric 
measurements of each sample Avere made at e.vactlj’^ 10 and 20 minutes 
after the addition of the ceric sulfate. It Avas found convenient to read 
tAventy tubes at one sitting; the 10 minute reading on the first tube aa'us made 
immediately after the addition of the reagent to the last tube, and the 20 
minute reading on the first tube immediatel}’’ after the 10 minute reading 
on the last tube. 


Test of Method 

The protocol of a typical experiment Avith rat plasma is shoAAm in Table I. 
Duplicate samples Avere taken from each distillate of plasma. The data 
shoAV good agreement bet\A'een the duplicate samples. The standard curves 
plotted from the data in Table I are shoAAm in Fig. 1 ; for each plasma distil- 
late the iodine values obtained by means of the 10 minute curve agreed very 
Avell AA'ith the values obtained from the 20 minute curve. The average of 
the tAvo values was used in calculating the micrograms of iodine per 100 cc. 
of plasma. 

Recovery of Added Iodine — In Table II are recorded the results of experi- 
ments in which the recovery of added iodine aa'os determined A\'ith the aid of 
radioactive iodine (I*®‘). Radioactivity AA'as measured by a scale of 8 
Geiger-Miiller counter. In Experiment 1 radioactive iodine^ containing no 
measureable amount of AA'as added to 3 cc. of rat plasma before digestion; 
the recoveries of the added radioactivity ranged from 87 to 90 per cent. In 
Experiments 2, 3, and 4 both radioactive iodine (I*”) and 0.2 y of l'‘ AA'er'e 
added to 3 cc. of rat plasma. The average recovery of the AA'as 90 per 

* The radioiodine was prepared by bombarding tellurium with deuterons. The 
iodine separated contained the radioactive atoms plus the unavoidable traces of 
iodine present in reagents and glassware. Neither source of iodine is measurable by 
chemical analysis. 
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cent (84 to 94 per cent), that of the I*’* 93 per cent (90 to 96 per cent). 
ViTien the amount of added (Experiment 5) was increased to 5 y, its 
recovei^' amounted to almost 100 per cent. 

From the results shown in Table I, the method used above for the deter- 
mination of plasma iodine yields values that are 10 to 15 per cent low. But 
when this method is used onlj' for comparing different samples of plasma, 
it is safe to conclude that comparisons are accurate to within 5 to 10 per 

Table I 


Protocol of Typical Determination of Iodine in Rat Plasma 


Iodine 

standards 

Rat No. 

Volume of distil- 
late (4 cc. aliquot 

1 for tech 

i determination) 

Colorimeter rcadins 


Plasma 

iodine 


10 min. 

20 min. 

10 min. 
average 


7 





7 

7 

y fCT lyy cc. 

0.0 


1 

» i 0 

500 




0.015 



490 

420 




0.030 



440 

340 




0.060 



360 

220 




0.10 



260 

103 





1 

12.9 

450 

355 

0.028 

0.02 S 

3.0 




450 

355 





2 

13.9 

455 

370 

0.027 

0.025 

3.0 




450 

360 





3 

13.3 

440 

345 

0.030 

0.029 

3.3 




445 

350 


1 



4 

13.4 

455 

370 

0.025 

1 

0.024 

2.7 




460 

370 





5 

13.2 

435 

335 

0.033 

0.032 

3.6 




430 

335 





6 

13.3 

435 

345 

0.033 

0.030 

3.5 


cent. For the determination of samples that contain more than 1 y of 
iodine, the values obtained are probably no more than 5 per cent low. 

To determine whether this loss of iodine occurred during digestion or 
during distillation, the following experiment was carried out: six 3 cc. por- 
tions of plasma were added to the chromic acid digestion mixture, and then 
to each sample was added 1 cc. of a solution containing radioactive iodine 
(!*’*). These six samples were digested as described above. Two other 
plasma samples were first digested and 1 cc. of the I'” solution added there- 
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after. All samples were then made up to a volume of 2000 cc., and 1 cc. 
aliquots were taken for the determination of radioactivity. The amounts 
of the added radioactivity recovered in all eight samples were practically 
identical. This indicates that little, if any, loss of iodine occurs during 



MICROGRAMS IODINE 

Fig. 1. Standard curves for plasma iodine determination 

digestion and that the low values for plasma iodine referred to above result 
from a loss of iodine during the process of distillation. 

The form in which the iodine volatilizes after iodate is reduced with phos- 
phorous acid is not known with certainty. It is conceivable that the iodine 
might volatilize either as Jj or as HI, or possibly in both iorma. It was 
found here that, when radioactive iodine in the form of iodide was added 
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together wth the phosphorous acid to a sample of digested organic material, 
the radioactive iodine vras recovered almost quantitatively in the distillate. 
This observation is in agreement vrith the results of Fashena and Trevorrow 
(6), who reported that iodide added after reduction with phosphorous acid 
can be recovered in the distillate. These findings provide reasonable evi- 
dence that it is not necessary to reduce iodate only as far as I- in order to 


Table II 


Recovery of Added Radioactive and Chemical Iodine 


Ei- 

peri- 

meat 

No. 

Material to which Iodine 

Sam* 

pie 

No. 

Iodine 

Iodine added 
asZI 

Iodine found 
In distillate 

Recovery of added iodine 



present 

Chem- 

ical 

Radio- 

active 

Chem- 

ical 

Radio- 

active 

Chemical 

Radioactive 







T 

y 

counts 

per 

sec. 

T 

counts 

per 

sec. 

y 

per 

cenl 

counts 

per 

sec. 



3 cc. rat plasma 

1 


0 

206 


185 



185 

90 


3 

tt 


tt 

2 


0 

206 


179 



179 

87 


3 

It 


tt 

3 


0 

206 


181 



181 

88 


3 

It 


tt 

4 


0 

206 


182 



182 

88 


3 

It 


It 

5 


0 

206 


184 



184 

89 

2 

3 

It 


tt 

1 

imuM 

0.20 

197 

0.275 

182 

0.168 

84 

182 

92 


3 

tt 


It 

2 

0.107 

0.20 

197 

0.279 

178 

0.172 

86 

178 

90 


3 

It 


tt 

3 

0.107 

0.20 

197 

0.296 

189 

0.189 

El 

189 

96 

3 

3 

It 


tt 

1 

0.09S 

0.20 

150 


139 

0.187 

94 

139 

93 


3 

ft 


tt 

2 

0.09S 

0.20 

150 


141 

0.185 

92 

141 

94 


3 

It 


It 

3 


0.20 

150 


141 

0.172 

86 

141 

94 

4 

3 

tt 


tt 

1 


0.20 


0.265 


0.176 

88 




3 

It 


tt 

2 

Iju^l 

0.20 


0.273 


0.184 

92 




3 

It 


tt 

3 

0.0S9 

0.20 




0.187 

93 



5t 

200 mg. 

wheat 

1 


5.0 

197 


198 



19S 

100 


200 “ 


It 

2 



197 


194 



194 

98 


200 “ 


tt 

3 


m 

197 


190 




97 


* Each of Experiments 1 to 4 was carried out on a single pool of plasma, 
t Only radioactive measurements were made in Experiment 1. 
t The wheat was iodine-free. 


recover it quantitatively in the distillate. In the above experiments iodide 
as such (most probably as HI) was volatilized. 

Separalion of Inorganic Iodide fromProlein-Bound Iodine? of Plasma — In 
order to test the separation of inorganic iodide from protein-bound iodine 

’ The term “protein-bound” refers to iodine that is precipitated along with pro- 
teins and that cannot be freed from the precipitate by washing with distilled water. 
It should not be inferred, however, that the iodine-containing compound or com- 
pounds of plasma are necessarily bound to the protein molecule by peptide linkages. 
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Table III 


Separation of Inorganic Iodine from Protein-Bound Iodine of Rat Plasma 
For a description of the experiment see the text. 


Experiment No.* 

1 

1 Inorganic iodide added 
to 3 cc. opj iasma 

Protein-bound iodine 1 
found before 
addition of iodide 

Protein-bound iodine 
found after 
addition of iodide 


•y 

y per 100 cc. 

7 per 100 ee. 

1 

1.0 

3.2 

3.2 



3.4 

3.3 



4.1 


2 

0.5 

3.5 

4.3 



3.1 

4.7 




4.9 

' 3 

1.0 

3.5 

3.7 



3.1 

4.5 




3.7 

4 

1.0 

3.5 

4.3 



3.1 

4.5 



3.0 

4.1 


• Each experiment was carried out on a single pool of rat plasma. 


Table IV 


Protein-Bound and Total Iodine Levels in Plasma of Different Species 


Animai 

Condition o! animai 

Plasma, protein- 
bound iodine 

Plasma, total 
iodine 

Estimated 
iodine intake 
per day 



y Per JOO cc. 

y per 100 cc. 

ms. 

Dog 

Postabsorptive 

2.S 

36 

10- 15 


tt 

3.1 

14 

10- 15 

“ 

tt 


41 

10- 15 


tt 


52 

10- 15 

Chicken 

Postprandial 

3.6 

8.4 

90-100 

it 

tt 

3.S 

6.4 

90-100 

It 

tt 

3.3 


90-100 

Mouse 

tt 

3.8 

4.5 

2- 3 


tt 

3.8 


2- 3 

Rat 

Postabsorptive 

3.5 

3.5 

3- 4 

tt 

(( 

3.4 

3.3 

3- 4 

tt 

(( 

3.5 

3.3 

3- 4 

Human 

tt 

5.8 

7.6 


H 

tt 

5.7 

7.4 


H 

It 

5.5 

5.9 


ft 


7.8 

6.7 


tt 

(( 

6.8 

7.2 


tt 

tt 

6.8 
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of plasma, either 1.0 7 or 0.5 7 of iodine in the form of E3 (each contained 
in a volume of 0.1 cc.) was added to each of several 3 cc. samples of rat 
plasma. Each experiment (Table III) was carried out on a single pool of 
plasma obtained from several rats. The proteins in these samples were 
then precipitated with zinc hj’droxide and separated by centrifugation. 
The precipitates were then washed three times, each with 20 cc. of distilled 
water. The values obtained for the protein-bound iodine of these plasma 
samples were eompared with samples of the same plasma to which no inor- 
ganic iodide had been added. The data recorded in Table III show that 
three washings of the protein precipitate removed most of the added iodide. 
However, a small fraction of the added iodide probablj' remained in the 
protein precipitate, which would account for the somewhat higher values 
observed for protein-bound iodine in the presence of added inorganic iodide. 

Iodine Content of Plasma 

The total and protein-bound plasma iodine of rat, mouse, dog, chicken, 
and man was measured by the procedure described above; the values are re- 
corded in Table IV. The values recorded for the daily iodine intake of each 
animal were based on an iodine analysis of their diet. Despite large differ- 
ences in the levels of total iodine in plasma, the values obtained for protein- 
bound iodine of plasma of dog, rat, mouse, and chicken were quite similar. 
The values for protein-bound iodine of human plasma, however, were appre- 
ciably higher than those of the other species. 

Although it was shown abo-ve that the Chaney method jnelds values for 
plasma iodine that are about 10 to 15 per cent low, the values recorded in 
Tables I to IV have not been corrected for this error. 

DISCUSSION 

Parts of the Chaney method for determining plasma iodine have been 
selected for use by other investigators (2, 7-9). Talbot ei al. (2) emploj'ed 
the Chaney still, but combined it ndth a permanganate-ashing procedure 
and a photoelectric determination of a starch-iodine color. Salter et al. 
(7, 8), on the other hand, made use of the ceric sulfate-arsenious acid colori- 
metric reaction, but introduced a dry ashing procedure in place of the wet 
ashing and distillation employed by Chaney. Lein (9) also adopted the 
ceric sulfate-arsenious acid reaction in the determination of blood inorganic 
iodine. 

Salter and McKay (7) have discussed the factors that influence the rate 
at which iodide catalyzes the reduction of ceric ions by arsenious acid. 
Since the reaction is sensitive to the presence of extraneous materials (espe- 
cially mercury and osmium), it would seem, from a theoretical standpoint 
at least, that the dry ashing procedure introduced by Salter and McICay 
would not be as satisfactory as a wet ashing procedure combined with a 



322 


DETERMINATION OP PLASMA IODINE 


distillation, as described by Chaney. A distillation would be expected to 
free iodine more effectively from non-volatile contaminants that interfere 
in the colorimetric reaction. 

Salter and McKay report that, “The surface of the colorimeter tubes 
should be kept equilibrated ivith the reaction medium until just before use. 
Otherwise apparent loss of iodine will occur.” This difficulty was not en- 
countered in this laboratory. Thorough cleaning of the colorimeter tubes 
with chromic acid immcdialely before wscwas found sufficient for good results. 

Chaney (3) reported that he had encountered a batch of phosphorous acid 
with which he obtained poor recoveries of iodine. In such cases he found 
that the recoveries could be improved if hydrogen peroxide was added after 
the phosphorous acid in the distillation. It was found here, however, that 
the addition of hydrogen peroxide was frequently followed by the appear- 
ance of a slight green color in the distillate, apparently indicating the 
presence of chromium. This color was not present when hydrogen peroxide 
was omitted. Since the recoveries of radioactive iodine were not decreased 
by the omission of the peroxide, its use was discontinued. 

We are indebted to Dr. A. L. Chaney of the Los Angeles County Hospital- 
for valuable advice rendered during the course of this work. 

SUMMARY 

1. The Chaney method for the determination of plasma iodine has been 
tested with the aid of radioactive iodine (P”)- Data on its reliability are 
presented. The method was found to be satisfactory for the determination 
of the total or the protein-bound iodine contained in 3 cc. of plasma. 

2. Values for total and protein-bound iodine of plasma of several species 
are reported. The levels of protein-bound iodine in the plasma of dog, rat, 
mouse, and domestic fowl were found to be quite similar (3 to 4 y per cent). 
The amounts contained in human plasma were appreciably higher (5 to 8 
7 per cent). 
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THE DETEEMINATION OF THYROXESTE IN THE 
THYROID GLAND OF THE RAT* 

Bt ALVIN TAUROG and I. L. CHAIKOFF 
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(Received for publication, December 3, 1945) 

Most procedures used for the separation of thyroxine fix)m other iodine- 
containing compounds of the thyroid gland are based on either the method 
of Harington and RandaU (1) or that of Leland and Foster (2). In the 
former the thyroxine is separated from diiodotyrosine by precipitation in a 
slightly acid medium, whereas in Leland and Foster’s method thyroxine is 
extracted with butyl alcohol from an alkaline hydrolysate of thyroid tissue. 
Leland and Foster observed that their method yielded much lower values 
for the thyroxine content of thyroid material than did the method of Haring- 
ton and Randall; they attributed this to the presence of diiodotyrosine in 
the acid-msoluble fraction. 

Blau (3) modified the method of Leland and Foster by adjusting the 
alkaline hydrolysate to pH 3.5 to 4.0 before its e.xtraction with butyl alcohol. 
The thyro.xine values obtained by this modification are 10 to 20 per cent 
higher than those obtained by the ori^al Leland and Foster method, but 
stiU much lower than thpse obtained by the acid precipitation procedure of 
Harington and Randall (4). 

The methods referred to above were designed for the analysis of relatively 
large amounts of thyroid tissue. Foster (5) subsequently adapted the 
butyl alcohol extraction procedure for the determination of the thyunxine 
content of the guinea pig thyrroid. In the present communication a modifi- 
cation of Foster’s method is described. Data on the thyfb.xine content of 
the rat thyroid are also presented. 

EXPERIMEXTAL 

Hydrolysis of Thyroid Tissue — Rats weighing 200 to 300 gm. were anes- 
thetized with nembutal and thoroughly bled. The thyroid glands were 
then rapidly excised, weighed, and transferred to 15 cc. graduated centrifuge 
tubes. 1 cc. of 2 n NaOH was added to each tube and the hydrolysis car- 
ried out in a steam bath. The tubes were placed in a rack made to fit into 
the hole of a steam bath; the lower half of each tube was in direct contact 
with steam. During the first 10 minutes the tubes were occasionally shaken 
until solution of the tissue occurred. They were then covered with glass 

* Aided by grants from the Commonwealth Fund and the Committee for Re- 
search in Endocrinology of the National Research Council. 
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bubble stoppers and the hydrolj'sis allowed to proceed for about 15 hours. 
Tlie tiow of steam was adjusted to permit onij' slight evaporation of 
liquid. 

Butyl Alcohol' Extraction — Tlie hydrol}"sates were neutralized by dropwise 
addition of 6 x HjSO^ and brought to pH3.5 to 4.0, brom-phenol blue being 
used as an external indicator. 2 cc. of butyl alcohol were then added to 
each tube, the tubes tightly stoppered with rubber stoppers previously 
soaked in butyl alcohol, and their contents thoroughly shaken. The rubber 
stoppers Avere then removed, Avashcd with 1 to 1.5 cc. of butyl alcohol, and 
the two phases in the tube separated by centrifugation. The butyl alcohol 
layer was withdrawn into another 15 cc. graduated centrifuge tube with the 
aid of a fine capillar 3 '' tube and suction. The clear aqueous laj'er that re- 
mained was extracted a second time rvith 1.5 cc. of butyl alcohol, .\fter 
centrifugation the second but}d alcohol extract was withdrawn into the tube 
containing the first e.xtract. Thus both butj'l alcohol extracts, the total 
volume of which did not exceed G to 7 cc., were now contained in a single 
centrifuge tube. An equal Amlume of 4 x NaOH containing 5 per cent 
NaiCOa (3) was added to the butjd alcohol extracts, and the mixture thor- 
oughlj’- shaken. The two la 3 ’ers Avere separated b 3 '’ centrifugation. The 
upper butyl alcohol layer Avas draAA-n off into another 15 cc. centrifuge tube, 
extracted again Avdth 5 cc. of the 4 x NaOH-5 per cent NajCOj solution, and 
tAvo layers separated b3'- centrifugation. The but3'l alcohol la3’er, AA-hich 
noAv contains only th3'Toxine, AA'as draAA-n off AA-ith suction into the tAA'O-neck 
digestion flask for the determination of its iodine content. The three 
aqueous pha,ses deriA^ed from each sample AA’ere combined for the determina- 
tion of non-thyroxine iodine. 

Determination of Iodine — The butyl alcohol in the tAA'o-neck flasks AA-as 
remoA^ed under reduced pressure in a AAmter bath at 50 to 60° in a stream of 
COj. By this procedure this extract AA'as brought to dr 3 ’'ness. It Avas found 
essential to remove completely the butyl alcohol, since onlj- a small amount 
of residual alcohol Avill reduce the chromic acid used in the subsequent 
digestion procedure. To the residue AA'ere added 25 cc. of 70 per cent 
H 2 SO 4 and then 2 cc. of 60 per cent CrOa solution. It AA-as obserA’-ed that 
unless an appreciable amount of organic material Avas present during the 
digestion, the recovery of iodine AA-as frequenth’- ver 3 '- Ioav. Hence before 
digestion of both thyroxine and non-thyro.xine fractions, appro.ximateh’’ 100 
mg. of iodine-free AA-heat AA-ere added to each sample. Without an 3 ’’ other 
modifications than the above, the digestion and distillation of the samples 
AA-ere carried out e.xactly as described for plasma in the preceding paper (0). 
The distillates Avere usually made up to a volume of 25 or 50 cc., and 1 or 
2 cc. aliquots used for the colorimetric determination. Equal aliquots from 
a blank distillate AA-ere added to each of the standard samples used in the 
preparation of the standard curve. 
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For the determination of the iodine content of the non-thjTOxine fraction, 
a 2 or 3 cc. aliquot ivas usuallj' taken from the combined aqueous phases. 
This was added to a mixture of 100 mg. of iodine-free wheat, 25 cc. of 70 
per cent H^ 04 , and 2 cc. of chromic acid in the two-neck- digestion flask. 
Digestion, distillation, and colorimetric determination were carried out 
exactly as described above for thjTOxine iodine 

Test of Method 

Recovery of Added Thyroxine and Diiodotyrosine — 1 gm. of dried defatted 
rat muscle was hydrolyzed n-ith 80 cc. of 2 n XaOH on a steam bath for 15 


Table I 


Separation of Thyroxine and Diiodotyrosine Added to Rat Muscle Hydrolysate 


Thyroiiiie iodins 
add^* 

Diiodotyrosine 
iodine addedf 

Iodine recovered in thyroxine 
fraction 

Iodine recovered in diiodotyrosine 
fraction 

7 

7 

7 ' 

ptr cent 

7 

per cent 

5.65 

12.2 

4.50 

80 

11.5 

94 

5.65 

12.2 

o-Oo 

89 I 

10.0 

82 

5.65 

12.2 

o.3o 

95 

10.9 

89 

0.65 

j 12.2 

4.69 

82 ' 

10.4 

85 

3.26 

6.2S 

1 2.60 

SO 

5.20 

83 

3.26 

6.2S 

2.85 

87 

6.25 

100 

3.26 

0 

2.60 

80 


1 

0 

6.25 



6.05 

96 

4.73 

11.3 

4.35 

92 

10.2 

90 

4.73 

11.3 

4.15 

88 

10.7 

95 

4.73 

11.3 

4.15 

88 

10.4 

92 

4.73 

11.3 

4.15 

88 

10.5 

93 

4.73 

0 

4.00 

85 

0.3 


4.73 

0 

3.80 

80 

0.3 


0 

11.3 

0.1 


9.7 

86 

0 

11.3 

0.2 ! 


9.6 

85 


* Crystalline thyroxine from E. R. Squibb and Sons was used. Its iodine content 
was taken as 65.3 per cent. 

t Diiodotj-rosine dihydrate from the Amino Acid Manufactures, Chemistry De- 
partment, University of California at Los Angeles was used. Its iodine content was 
taken as 5t.2 per cent. 


hours. The mixture was then filtered. Known amounts of thyroxine and 
diiodotyrosine were added to the filtrate, and 1 cc. aliquots of the mixture 
subjected to the separation procedure described above. The results of 
several experiments are recorded in Table I. 

When both thyroxme and diiodotjTOsine were added to muscle hydroly- 
sate, the recoveries of thyroxine iodine amounted to 87 per cent (average). 
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Slightly lower recoveries were observed when only thyroxine was added. 
These findings suggest that the separation procedure does not prevent a 
small fraction of the diiodotyrosine from appearing in the thyroxine 
fraction. 

The low recoveries shown in Table I must be due in part to the method 
used for the iodine determination, which, as noted in the preceding paper, 
yields values that are about 5 per cent low. Even if the procedure for 
separation described here were free of error, the recoveries of added thyrox- 
ine and diiodotyrosine would probably not have been higher than 95 per 
cent. Since the recoveries of thyroxine found here amounted to 87 per cent 
(average), a loss of 5 to 10 per cent is probably encountered in the separation 
procedure. 

Loss of Thyrospine during Alkaline Hydrolysis — Leland and Foster (2) 
observed that only 83 per cent of the thyroxine added to a sample of thyroid 


Table II 

Breakdown of Added Thyroxineduring Hydrolysis of Desiccated Thyroid with S tr NaOH 


Sample No. 

Desiccated 

thyroid 

hydrolyaed 

Thyroxine 

iodine 

Initially 

present 

1 

Thyroxine i 
iodine added* j 

1 

i 

Thyroxine 
iodine found 

Recovery of added thyroxins 
iodine 


■Bi 

7 

■>’ 

y 

mm 


1 


5.1 

6.0 

8.8 

mSm 


2 


5.4 

5.0 

9.1 

mm 


3 

■SI 

6.3 

5.0 

10.0 

3.7 

BB 

4 

■9 

5.5 

5.0 

9.2 

3.7 



* Crystalline thyroxine from E. R. Squibb and Sons was used. Its iodine content 
was taken as 65.3 per cent. 


tissue before hydrolysis with 2 n NaOH can be recovered by extraction with 
butyl alcohol. This suggests that hydrolysis of the thyroid protein vith 
2 N NaOH destroys an appreciable fraction of the liberated thyroxine. 
Other evidence obtained by Leland and Foster, however (2), showed that 
the amount of thyroxine iodine obtained after hydrolysis of desiccated 
thyroid with 2 n NaOH did not decrease appreciably between 16 and 50 
hours of hydrolysis. These workers therefore postulated that destruction 
of the th 3 TOxine built into the thyroid protein is not nearly so great as the 
destruction of added thyro.xine. 

Results similar to those of Leland and Foster were obtained by the 
method of hydrolysis and separation used here. The recovery of crystal- 
line thyroxine that had been added to desiccated thyroid before treatment 
with 2 N NaOH amounted to 74 per cent (Table II). This value should be 
compared with the average recovery of standard thyro.xine samples that 
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were subjected to the separation procedure but not to treatment -with 
2 N NaOH. The latter amounted to 87 per cent (Table I). These findings 
suggest that approximately 15 per cent of added thyroxine is destroyed 


Table III 

Effeci of Duration of Hydrolysis on Thyroxine Determination in Desiccated Thyroid 


Saaple No. 

Weight of sample 

Duration of hydroly- 
sis with 2 KNaOH 

Thyroxine iodine found 


nf. 

krs. 

T 

per cent of desicccted 
tkyrcid 

1 

11.6 

7 

5.45 

0.047 

2 

12.7 

7 

5.10 

0.040 

3 

9.2 

7 

4.75 

0.052 

4 

10.3 

14 

4.90 

0.048 

5 

9.4 

14 

4.40 

0.047 

6 

11.7 

14 

5.65 

0.048 

7 

12.8 

14 

5.50 

0.043 

8 

9.9 

20 

4.80 

0.048 

9 

12.4 

20 

5.75 

0.046 

10 

11.4 

20 

5.40 

0.047 


Table IV 

Thyroxine Iodine and Total Iodine Content of Rat Thyroids 



Weight of thy- 
1 roid glands 

Total iodine in 
thyroid glands 

Thyroxice iodine in thyroid glands 

Weight of rat* 

Total 

Per cent of wet 
weight of 
gland X 10* 

Per cent of 
total iodine 

gm. 

fSf. 

y 

T 



280 

27 

6.2 

1.8 

6.7 

29 

254 

29 

7.4 

2.0 

6.9 

27 

260 

27 

5.6 

1.4 

5.2 

25 

282 

21 

7.1 

2.1 

10.0 

30 

210 

17 

4.1 

1.1 

6.5 

27 

222 

30 

7.0 

2.0 

6.7 

29 

255 

17 

5.3 

1.4 

8.2 

26 

260 

20 

5.2 

1.3 

6.5 

25 

210 

15 

5.1 

1.4 

9.3 

27 

235 

20 


1.4 

7.0 

27 

247 

27 


1.7 

6.3 

23 


* The diet fed was composed of 6S.5 per cent wheat, 5 per cent casein, 10 per cent 
fish meal, 10 per cent alfalfa, 1.5 per cent sodium chloride, and 5 per cent fish oil. 


during the hydrolysis with 2 x XaOH. However, when samples of desic- 
cated thyroid were hydrolyzed for periods varying from 7 to 20 hours, the 
amount of thyroxine found did not decrease as the time of hydrolysis in- 
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creased (Table III). This may mean, as Lcland and Foster have suggested, 
that the th3’’ro.xine released from thyroid protein during treatment mth 
2 N NaOH does not react to the alkali in e.vactly the same manner as added 
thyroxine. 

The ■work of Blau (4) indicates that the use of 8 per cent Ba(OH)2-8H20 
instead of 2 n NaOH for hj'drolysis yields higher thyroxine values when 
butyl alcohol is employed for separation. He ascribes the higher values 
obtained ■with Ba(OH)2 to a diminished destruction of thyroxine. Blau’s 
results ■were confirmed here, but the thyroxine values obtained with barium 
hydro.xide were more variable than those with 2 n NaOH. Hence, 2 N 
NaOH was retained as the hydrolytic agent. 

Analysis of Rat Thyroids — The thyroxine and non-thyroxine iodine of 
thyroid glands of rats fed a diet that contained 0.3 y of iodine per gra. was 
measured by the separation procedure described above. The results re- 
corded in Table IV show that this procedure jields values for thyro.xine 
that are quite consistent. Thus in eleven rats the thyroxine content 
varied from 0.0052 to 0.010 per cent of the wet weight of the tissue. The 
mean value was 0.0072 per cent and the standard deviation ±0.0013 per 
cent. Thyroxine iodine as a percentage of total iodine of the glandvaried 
from 23 to 30. 


SU&aURY 

A procedure suitable for the determination of 1 to 2 y of thyroxine in 
thyroid tissue is described. 

Data on the thyroxine content of the rat thjwoid are presented. 
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METHIONINE DETERMINATION IN PROTEINS AND FOODS* 

By frank a. CSONKA and CHARLES A. DENTON 

{From the Bureau of Human Xutrition and Home Economics and the Bureau of Animal 
Industry, Agricultural Research Administration, United States Department 
of Agriculture, H'asAing/on) 

(Recei%'ed for publication, Januarj- 26, 1946) 

Our interest in the physiological relationship that exists between 
methionine and cystine in intermediary metabolism led us to seek reliable 
methods for the determination of these amino acids. Colorimetric meth- 
ods, if they are specific, offer certain advantages in regard to speed and 
accuracy, especially if a spectrophotometer is used for estimating the color 
intensities. In a previous communication (1) we presented a modification 
of Sullivan’s colorimetric method for cystine and its adaptation to the 
spectrophotometric procedure. 

McCarthy and Sullivan (2) in 1941 proposed a colorimetric method for 
the determination of methionine in proteins, based on the red color formed 
when an alkaline solution of methionine and sodium nitroprusside is acid- 
ified. They noted, however, that tijiitophane and histidine both produced 
a red color under similar conditions. Thej' destroyed the tiyptophane by 
acid hydrolysis and stated that the addition of glycine would eliminate the 
color produced bj' histidine. The experimental emdence offered in the 
present paper justifies our modification of the McCarthy-Sullivan method 
and indicates lower values for the methionine cpntent of proteins than 
those found by investigators who have used the McCarthy-Sullivan 
procedure. 


EXPERIMENT.AU AND DISCUSSION 

A Coleman spectrophotometer' was used to establish spectral trans- 
mission curves for the red color formed in the McCarthy-Sullivan test for 
methionine (Fig. 1). These cuiwes show that 510 my is the wave-length of 
minimum transmission. The solutions from which Cun'e 1 was obtained 
had an excess of methionine, whereas the solutions from which Cur\-es 
2, 3, and 4 were obtained had an excess of sodium nitroprusside. It is 
obsen-ed from the relative position of these cun-es that the excess sodium 
nitroprusside absorbed light and this absorption somewhat changed the 
shape of the cur\’es. However, in no case was the minimum transmission 

* This is the eighth in a series of papers on amino acids in staple foods. 

' .Ml measurements of color intensities reported in this paper were made with a 
Coleman spectrophotometer, model lO-S, with a monochromator slit of / .5 width. 
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shifted from the 510 m/x wave-length. Glycine was not added to the test 
solutions used in these experiments and the spectrophotometric readings 
were made against a blank- of distilled water. 

After the wave-length of minimum transmission was determined, a 
calibration curve was established over a range of 0.25 to 1.5 mg. of methi- 
onine OTth 20 mg. of sodium nitroprusside and 10 mg. of glycine with the 
other reagents necessary for color development (Fig. 2, Curve 2). This is 
the procedure of McCarthy and Sullivan (2), except that the quantity of 



WAVE LENGTH MILLIMICRONS 

Fig. 1. Spectral transmission curves for the red color formed in the McCarthy- 
Sullivan test for methionine. Curve 1, 10 mg. of methionine and 2 mg. of sodium 
nitroprusside in the reaction mixture; Curve 2, 0.5 mg. of methionine and 10 mg. of 
sodium nitroprusside in the reaction mixture; Curve 3, 0.5 mg. of methionine and 20 
mg. of sodium nitroprusside in the reaction mixture; Curve 4, 0.5 mg. of mcthiomne 
and 30 mg. of sodium nitroprusside in the reaction mixture. 

sodium nitroprusside and the concentration of the acid and alkali recom- 
mended by Hess and SulUvan (3) were used. Hereinafter this will be 
referred to as the McCarthy-Sullivan-Hess procedure. The calibration 
curt'e developed by this procedure did not show a straight line relationship 

“ Throughout this work all spectrophotometric readings were made with blanks 
of distilled water rather than with such blanks as McCarthy and Sullivan (2) recom- 
mended. Neither of these blanks is perfect, because the same error may be intro- 
duced into the determination by either of them; namely, the possible effect on the 
development of the methionine color caused by the other amino acids which are 
present in all protein hydrolysates. 
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between per cent transmittance and the quantity of methionine present. 

As sodium nitroprusside is the color-developing reagent, it is important 
to have a suitable quantity of this reagent in the test solutions. McCarthy 
and Sullivan (2) used 30 mg. of this reagent, which was later changed by 
Hess and Sullivan (3) to 20 mg. No reasons were given by the authors for 
selecting these quantities or wh 3 ’' 20 mg. were preferable to 30 mg. In some 



Fig. 2. Spectral transmission curves showing the effect of the addition of glycine 
to a blank. Curve 1, 20 mg. of sodium nitroprusside in the reaction mixture; Curve 
2, 20 mg. of sodium nitroprusside and 10 mg. of glycine in the reaction mixture. 

of our preliminary experiments, in which different quantities of sodium 
nitroprusside were added to solutions that contained an excess of methionine, 
but no glycine, a stoichiometric relationship between the reagent and 
methionine was indicated (4). The results in Table I show that a rela- 
tionship of approximately 2:1 exists. We found that the stoichiometric 
relationship of 2:1 is no longer valid when glycine is added to the reaction 
mixtures (see Table II). This finding prompted us to investigate in detail 
the r61e of glycine in the McCarthj'-Sullivan reaction. 

The transmission curves in Fig. 3 show the effect of the addition of ghxine 
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to a blank that contained 20 mg. of sodium nitropnisside. The blank that 
contained no glycine shows at 510 mu a transmission of 05 per cent, whereas 
the one that contains gl}'cine has a considerably higher transmission of 84 
per cent. 



Fio. 3. Spectral transmission curves showing the effect of the addition of glycine 
to the reaction mixture containing sodium nitroprusside. Curve 1, 20 mg. of sodium 
nitroprusside in the reaction mixture; Curve 2, 20 mg. of sodium nitroprusside and 
10 mg. of glycine in the reaction mi.vture. 


Table I 

Experiments in Which Excess Methionine (10 Mg.) IFas Used to Dcmonslraic 
Stoichiometric Relationship between Sodium Nitroprusside and Methionine 


Sodium nitroprusside 

Traosmission 

1 

Metbionine that reacted 
with 

sodium nitroprusside* 

Katio of sodium 
nitroprusside to methio- 
nine that reacted 

ms. 

per cent I 



2 




3 


hbihh 



* The ipethionine values were obtained from calibration Curve 1, Fig. 2. 


The addition of glycine to the reaction mktures which contained methi- 
onine likewise resulted in a considerable increase in transmission. Tor 
example, a transmission of 22 per cent was obtained for 1 mg. of methionine 
ndth 20 mg. of sodium nitroprusside and a transmission of 27 per cent 
with 10 mg. of glycine added. This increase in the transmission at first 
was thought to be caused only by the reaction between the glycine and 
the excess sodium nitroprusside. However, further investigation revealed 
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that glj-cine also decreased the red color produced b 3 ' the methionine- 
nitropruSide reaction. Comparison of Experiments 1 and 2 (Table II) 
shows that the addition of gl.vcine caused a 74 per cent loss in the methionine 
value. In these experiments the methionine and sodium nitroprusside were 
present in the reaction mixture in stoichiometric quantities. However, 
the addition of glycine caused onlj' a small change in transmission when an 
excess of either methionine or sodium nitroprusside was present in the 


Table II 

Effect of Glycine on iUlhionine-Xitroprusside Reaction 


Eiperiment 

Quantities used 

Transmis- 

sion 

Methionine 

found* 

Differences observed in 
found methionine %^lues 

No. 

Sodium 

nitropmsslde 

Methionine 

Glycine 


mt. 

mg. 

ng. 

per cent 


ng. 1 

1 per cent 

1 

3 

1 .5 

0.0 



0.0 


2 

3 

1.5 

10 



-1.01 


3 

20 

1.5 

10 


1.44 

+0.0S 

+5.8 

4 

3 

10.0 

10 

18.2 

1.35 

-0.01 


S 

10 

1 .5 

10 

19.0 

1.31 

-0.05 

1 -3.7 


* The methionine values were obtained from calibration Curve 1, Fig. 2. In Ex- 
periment 4 the quantity of nitroprusside in the reaction mixture is a limiting factor 
for the “found methionine” value. 


Table III 


Errors Caused by Addition of Histidine to Test Solutions Containing ilethionine 
McCarthy-Sullivan-Hess procedure used. 


Added histidine 

0.5 methionine 

1 Tag. methionine 

mg. 

per cent 

percent 

0.4 

+10 

+14 

0.8 

+30 

+23 

1.0 

+43 

+29 


reaction mixtures (Experiments 3, 4, and 5). The common ion effect is a 
plausible explanation of this phenomenon and a slight excess of sodium 
nitroprusside in the reaction mixture is apparent!}' an advantage. 

The results in Table III indicate that glycine is not effective in discharg- 
ing all of the histidine-nitroprusside color when there is as little as 0.4 
mg. of histidine present in the reaction mixture. It is also sho%vn that 
when the quantity of methionine in the reaction mixture is constant the 
percentage error increases as the quantity of histidine is increased. Ac- 
cordingly, because of the error caused by the presence of histidine, there is 
reason to believe that the actual methionine values of protein hydrolysates 
are lower than those obtained with the McCarthy-Sullivan-Hess procedure. 
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It is evident that histidine, the added glycine, and the other amino acids 
in the reaction mixture are the factore that influence the methionine- 
nitroprusside reaction. Tlierefore, the most desirable approach to the 
problem would be to separate methionine from the other constituents of 
protein hydrolysates, Toennics and Kolb (5) were able to precipitate 
methionine quantitative^’ with mercuric salts from a solution that con- 
tained no other amino acids. We found that, when HgCb was added to a 
hydi’olysate of not more than 40 mg. of casein, methionine was precipitated 
quantitatively at pH 7.5, but some of the other amino acids, including 
histidine, were also precipitated. Thus, precipitation mth mercuric salts 
offered no adi^antage. 

The next attempt was to remove histidine from the hydrolysate. Phos- 
photungstic acid, the well known precipitant for the basic amino acids, 
was used. The experimental conditions under which the phosphotungstic 
acid precipitation was carried out permitted the complete removal of 
histidine from the Lydrolysate without the precipitation of any of the 
methionine. This finding made it possible to perform the nitroprusside 
test for methionine without the addition of glycine. 

The elimination of glycine should restore the stoichiometric relationship 
that has been shown to exist between nitroprusside and methionine, but 
some amino acids other than methionine in the test solution react udth 
nitroprusside and invalidate this relationship. Our results show that no 
specific quantity of nitroprusside is optimum for different protein hydroly- 
sates and uddely different aliquots of the same hydrolysate. It appears 
that the requirement for this reagent is to a great extent proportional to the 
amino acids other than methionine that are left in the test solution. We 
found that u’hen the test solution was limited to an aliquot of the hydrol- 
ysate that represented not more than 50 mg. of protein material the use of 
10 mg. of nitroprusside gave the most consistent methionine values. 

The proposed modification of the McCarthy-SuUivan (2) method is as 
follows : 

The protein material is hydrolyzed in boiling 20 per cent HCl for 24 
hours. The hydrolysate is cooled and transferred quantitatively to a 
volumetric flask udth distilled water. The flask should be of such volume 
that the diluted solution will have an HCl concentration of about 4 to 5 
per cent. This concentration was found to be suitable for precipitation of 
the basic amino acids with phosphotungstic acid. An aqueous solution of 
phosphotungstic acid (1 gm. per ml.) is added dropwise until precipitation 
is complete^ and then a few drops are added in excess. The solution is then 
made to volume with distilled water. It is allowed to stand in an ice water 

’ Centrifugation at frequent intervals during the addition of the phosphotungstic 
acid is necessarj* in order to determine when the precipitation is complete. The 
volumetric flask is used as the container for centrifugation. 
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bath for 2 hours, after which it is centrifuged and again placed in the bath 
for h hour before the supernatant liquid is filtered. After the filtrate has 
reached room temperature, an aliquot containing not more than 300 mg. 
of the original protein material is transferred to a 25 ml. volumetric flask. 
NaOH (5 n) is added dropu-ise until the solution turns light blue and is still 
acid to litmus paper (pH 4 to 5). The solution is then made to volume 
with distilled HjO, decolorized ■with 50 mg. of carboraflon, and filtered. 
An aliquot of 4 ml. or less of the filtrate is transferred to a large test-tube. 
To this 2 ml. of NaOH (5 n) are added and a sufficient quantity of distilled 
water to bring the voliune to 6 ml. Then 1 ml. of a freshly prepared 1 
per cent sodium nitroprusside solution* is added and the tube placed in a 
water bath for 8 minutes at 40°. The tube is then placed in an ice water 


Table IV 

Methionine Values Obtained with McCarthy-Sullivan-Hess Procedure and 
Proposed Modification 


M&teml 

AllQQOt 

McCarthy-Sullivan-Hess 

procedure 

Proposed modification 

Aliquot 1 

Material 

Aliquot 

Material 


ml. 

rtf. ^ 

rtf. 

rtr. 

rtf. 

Casein (1 gm., air-dry) 

1 

0.56 

28.0 

0.315 

24.6 



1.10 

27.4 

0.65 

25.4 



1.63 

27.1 

0.95 

24.8 

One chicken egg 


0.495 

272.0 

0.315 

216 



0.960 

264.0 

0.628 

216 



1 .405 

25S.0 

0.910 

209 


bath for 5 minutes, after which 2.5 ml. of 20 per cent HCl are added slowly 
while the tube is being shaken \'igorously. The shaking is continued in the 
bath until the characteristic red color develops (about 1 minute) and then 
shaken for 2 minutes at room temperature. Within 4 to 5 minutes after 
the addition of the HCl the per cent transmission is determined and the 
corresponding methionine value is read from the calibration Cur\’e 1, Fig. 
2, which is prepared according to the procedure described above. If the 
solution becomes slightly turbid after the addition of the HCl, it should be 
centrifuged before the per cent transmission is determined. 

The data shown in Table H’ present a comparison of the results of the 
estunation of the methionine content of casein and a whole chicken egg by 
the iIcCarthy-Sullivan-Hess procedure and the proposed modification. 
The methionine values obtained by the McCarthy-Sullivan-Hess procedure 
are higher than those obtained by the proposed modification. Further- 

* It is essential that exactly 10 mg. of sodium nitroprusside be present in the reac- 
tion mixture, because this is the quantity used in making the calibration curve. 
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more, tliej' are not consistent when aliquots of different size are used. It 
may be observed that the methionine values for the chicken cer are lower 

Tahle V 


Composition of Protein Preparations 


Proteins 

Moisture 

! 

Ash 

NUrortn. on 
rooijlure- snd ssh-frtt 
matcrijl 


per cent 



Casein 

7.05 



Gliadin (wheat) 

- 7>bc 



a-GIutelin (wheat) 

9.35 

1 0.21 

1 17.14 

Zein 

4.69 

0.12 

1 15.99 

Glycinin “55" 

7.56 

0.97 

17.11 

Egg .albumin 

6.05 

0.2 

1 

15. 9S 


Tabi.e \'I 


Methionine Content of Some Proteins anti Foods 


1 

! 

Material 

hfatcrial ' 
represented 
in aliquot | 

1 

1 

Trans* 

mission 

j Methionine found* 

Average 

Methionine 
content 
calculated 
to moisture* 
and ash* 
free basis 

Aliquot 

Material 


mg. 

per eenl 

mg. 

per eenl 

per eenl 

per eenl 

Casein 

12.89 

59.0 

0.310 

2.42 




25.60 

40.2 


2.54’ 




38.40 

28.5 

HI 

2*.47 

2.48 

2.72 

Gliadin (wheat) 

25.60 

55.5 


1.46 




51.20 

37.2 


1.40 

1.43 

1.54 

«-Glutelin (wheat) 

29.80 

48.0 

0.500 

1.68 




44.70 

30.6 

0.735 

1.64 

1.66 

l.Sl 

Zein 

25.60 

48.0 

0.500 

1.95 




51.20 

27.6 

0.950 

1.85 

1.90 

2.0 

Glycinin “55” 

22.85 

62.6 

0.260 

1.14 




45.70 

45.0 

0.525 

1.15 

1.14 

1.25 

Whole wheat flour 

124.40 

63.2 

0.250 

0.20 




186.60 

55.5 

0.375 

0.20 


0.22t 


248.80 

50.5 

0.450 

0.18 

0.2 

Soy bean me.al (defatted) 

25.60 

72.0 

0.140 

0.55 




51.20 

61.0 

0.280 

0.55 


O.Glt 


76.80 

53.0 

0.410 

0.53 

0.55 

Egg albumin (crystalline) 

10.00 

57.3 

0.345 

3.45 




20.00 

37.6 

0.710 

3.55 

3.50 

3.73 

1 


* The methionine values were obtained from calibration Curve 1, Fig. 2. 
t The methionine content was calculated on a moisture-free basis. 


as the size of the aliquot is increased; yet it is significant that the lowest 
value is still considerably higher than those obtained by the proposed 
modification. 
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In order to demonstrate the applicability of the proposed method for 
methionine, samples of diversified tj^pes of proteins and foods were selected. 
The casein sample was prepared according to the method of Van Slyke and 
Baker (6). The preparation of a-glutelin of wheat has been described in a 
previous article (7). The glycinin “55” was prepared from defatted 
mini soy bean meal by a method previously described (8). Table V gives 
data on the protein preparations used to establish the degree of their 
purity. 

Our findings are collected in Table VI. It should be pointed out that 
the quantities of material given in the second column are the quantities 
present in the aliquots of the hydrolysates before precipitation nith phos- 
photimgstic acid and, therefore, are larger than those actually present in 
the reaction mixtures. Methionine values for the different size aliquots 
are in good agreement. This is also true for duplicate hydrolysates of the 
same protein. As a tjpical e?mmple, hj'drolysates of two samples of our 
zein preparation gave methionine values of 1.96 and 2.0 per cent. 

The values reported here are lower than those obtained by McCarthy 
and Sullivan (2) and Hess and Sullivan (3). However, the}' are in reason- 
able agreement with those reported by La\'ine (9) and Albanese, Frank- 
ston, and Irby (10). 

The authors wish to express their thanks to Miss Alarguerite A. Sabol, 
who rendered valuable technical assistance. 

StTMMAET 

1. It was found that 510 m/i was the wave-length of minimum trans- 
mission for the red color formed in the methionine-nitroprusside reaction 
of McCarthy and Sullivan. 

2. Data are presented which indicate a stoichiometric relationship of 
approximately 2:1 between sodium nitroprusside and methionine. The 
presence of other amino acids, particularly glycine, invalidates this re- 
lationship. 

3. A modification of the AlcCarthy-Sullivan method for the estimation 
of methionine in protein and food material is presented and its adaptation 
to the spectrophotometric procedure is described. 
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LETTERS TO THE EDITORS 


PARTIAL SEPARATION OF ADENOSENETRIPHOSPHATASE 
FROM MYOSIN 


Sirs: 


According to Engelhardt and Ljubimowa/ myosin, representing about 
40 per cent of the muscle protein, is identical with ATPase.- This view 
is accepted by nearly all investigators in this field owing to their inability 
to effect any kind of separation. According to Szent-Gyorgju,’ repeated 
reciystallizations of myosin do not alter the enzymatic activity. 

Repressing the activity as Qp = c.mm. of HJPOi split at 38° per hour 
by 1 mg. of protein (22.4 c.mm. = 31 7 of P), we usuaUj' obtain with 5 
minutes incubation of purified myosin from rabbit muscle with optimal 
concentrations of ATP (3 X 10^ m), borate-KCl (0.015 ii), and Ca"^ 
(1.5 X 10^ m), at pH 9.2, Qp values between 1500 and 2500, \fhich are 
increased about 20 per cent by addition of 0.01 m KCN.^ Such myosin 
solutions, either of reprecipitated, myosin prepared according to Edsall or 
redissolved crystallized myosin of Szent-Gyorgji, can be divided by means 
of a lanthanum salt precipitation into fractions of higher and lower enzy- 
matic activity. With about 0.5 cc. of 0.1 m La(NOs)3 for 40 mg. of myosin 
in 20 cc. of 0.5 m KCl and 0.03 m NaHCOj, nearly all the protein is pre- 


Example 

No. 

Fraction 

P split per 

5 min. 

Protein 

o# 

1 

Original myosin (crystalline) 

y 

57 

Y 

19S 

2,500 


Eluate from La ppt. 

22 

33 

5,800 

2 

Original myosin (Edsall) 

25 

90 

2,400 

a 

Eluate 

25 

M.5 

4,000 

b 

“ centrifuged 

22 

42 

4,500 

3 

Original myosin (Edsall) 

1 53 

82 

5,600 

a 

Residual solution after pptn. 

18 

28 

5,600 

b 

Eluate from La ppt. 

39 

22 

15,400 


P determined* as P split from ATP present in 1.7 cc. of incubation mixture; pro- 
tein, by micro-Kjeldahl determination. 


* Engelhardt, W. A., and Ljubimowa, M. N., Xalurcj 144, 66S (1939). 

* ATPase = adenosinetriphosphatase; ATP = adenosine triphosphate. 

’ Szent-Gyorgyi, A., Ada physiol, scand., 9, suppl. 25 (1915). 

* Binkley, F., Ward, S. M., and Hoagland, C. L., J. Biol. Chm., 165, 6S1 (1945). 

* Lohmann, K., and Jendrassik, L., Biochem. Z., 178, 419 (1928). 
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cipitatcd witli the La salt. After washing with a KCl-NaHCOj solution, 
several fractions can be eluted bj’’ means of a KCl-NaHCOj buffer solution 
containing KCN (0.01 m) and ATP (1 X 10“’ m). 

The first and the second eluates show an activity 2 or 3 times that of the 
original solution, especial^' if all traces of the La salt -are removed. The 
Qp is then in the range from 4000 to 7000 and in certain cases, when the 
original myosin is veiy active, even higher (Example 3). 

Although we have not been able to increase the activity by reprecipita- 
tion of the active fractions with La salts, nevertheless, we conclude that 
the ATPase is contained only in a fraction of the myosin. Slight physico- 
chemical differences enable this fraction to be separated partially from the 
bulk of the m 3 'osin. 

Division of Biochcmislry B. David Polis 

Philadelphia General Hospital 

Department of Physiological Chemistry Otto Metebhof 

University of Pennsylvania 
Philadelphia 

Received for publication, February 15, 1946 



THE CHEMICAL KATLTIE OF FLAVACIDIN' 

Sirs: 

In 1943 McKee and MacPhillamj’* and Bush and Goth- reported almost 
simultaneously on the production by Aspergillus flavus, grown in submerged 
culture, of an antibiotic factor which closely resembled penicillin in its 
biological and chemical properties. The antibiotic behavior of this agent 
was further studied by McKee, Rake, and Houck’ who adopted for it the 
name “flavacidin.” Recently Bush, Goth, and Dickison’ described 
extraction and chromatographic procedures for the purification of this 
substance, designated by them “flavacin.” The most potent preparation 
which they secured b 3 ’ these methods assaj'ed 800 Oxford units per mg. 

The purpose of the present communication is to report that in April, 
1944, we isolated the penicillin produced bj- Aspergillus flavus in the form 
of the crystalline sodium salt. Its potencj' is 1400 units per mg. against 
Staph, aureus, and the B. sublilis-Staph. aureus ratio is 0.72 (B. suhlilis 
strain 558-K). The analj-tical data were not entirelj' conclusive, but 
suggested the empirical formula Ci 4 HioO<N;S for the free acid. This is 
also the composition of penicillin F,’ the penicillin elaborated bj' certain 
strains of Penicillium nolalum. Degradation with mercuric chloride 
jdelded an aldehj’de CsHuOjK which was isolated in the form of the 
2,4-dinitrophenylhj-drazone. However, from comparison of the melting 
points and x-raj' diffraction patterns' it appears that this derivative is 
not identical but isomeric with the 2,4-dinitrophem’lh3-drazone of 3- 
hexenoylaminoacetaldeh 3 'de, which is the corresponding degradation 
product of penicillin F.' There is emdence that the aldeh 3 ’de derived 
from flavacidin is a double bond isomer of the latter, namel 3 ' 4-hexeno3-l- 
aminoacetaldeh 3 'de, so that the variable group R in the general i>enicillin 
formula CgHuOiX-S-R' would be represented in this penicillin b 3 ' 
— CHj • CH: • CH=CH ■ CHj. 

'McKee, C. M., and MacPhillamy, H. B., Proc. Soe. Exp. Biol, and .Med., 53, 
247 (1943). 

'Bush, M. T., and Goth, J. Pharmacol, and Exp. Therap., 78, 164 (1943). 

'McKee, C. M., Rake, G. W., and Houck, C. L., J. Bad., 47, 187 (1944). 

‘Bush, M. T., Goth, K., and Dickison, H. H., J . Pharmacol, and Exp. Therap., 
84, 262 (1945). 

‘ Committee on Medical Research, Office of Scientific Research and Development, 
ttashington, and the Medical Research Council, London. Science, 102 , 627 (1945). 

*We wish to express our sincere thanks to Dr. R. D. Coghill and Dr. X. C. Schieltz 
of the Northern Regional Research Laboratory, United States Department of .-Vgricnl. 
ture, Peoria, Illinois, for performing and interpreting the x-ray diffraction measure- 
nients carried out in connection with this study. 
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It should be also mentioned that ultraviolet absorption measurements 
on the crystalline sodium salt revealed the presence of small amounts of 
penicillin G (R = — CHj-CoHs). 

The details of this investigation will be made available in the projected 
publication of all the experimental material contributed by the groups 
which during the war have collaborated in the chemical study of penicillin 
organized by the Office of Scientific Research and Development. 

Divisions of Organic Chemislry and Microbiology J. Piued 

The Squibb Institute for Medical Research W. L. Koebbee 

New Brunsmek 0. WiNTEESTEDreE 

Received for publication, February 28, 1940 



THE EFFECT OF TRYPTOPHANE ON THE SYNTHESIS OF 
NICOTINIC ACID IN THE RAT* 


Sits; 

In 1942 we demonstrated that the feeding of casein, of individual amino 
acids, and of other nitrogenous compounds ledto synthesis of nicotinic acid 
in rats kept on a protein-free diet.* In view of the recent findings of Krehl 
et al.- of the ability of tiyptophane to replace nicotinic acid as a growth 
factor in rats maintained on a com diet, we investigated the efi'ect of tiy^pto- 
phane on the excretion of nicotinic acid derivatives in the rat.“ These were 
measmed in the urine of five adult male rats (175 to 225 gm.) fed a diet 
containing purified casein (or gelatin) 15, sucrose 78, com oil 3, salt mi.xture 
4, choline 0.2, cystine 0.15 per cent, plus adequate amounts of the B vita- 
mins, except nicotinic acid. The averaged results are given in the table. 


Average Excretion of Nicoitnie Acid Derivatives per Rat per £4 Sours 


Diet 

Days 

NA* 

N*-Met 



y 

y 

15% casein.. 

1-10 

35 

90 

15% gelatin . 

11-18 

15 

38 

15% “ -f 50 mg. l-tryptophane, orally. 

19-22 

347 

985 

15% "... . 

23-28 

43 

43 

15% “ -1-50 mg. dl-tryptophane, sub- 




cutaneously. . 

27-28 

175 

580 

15% casein . 

29-34 

28 

35 

15% “ -f 100 mg. rff-tryptophane, orally 

35-36 

325 

770 


* NA includes all nicotinic acid derivatives hydrolyzable with 6 n HCl by the 
method iised by Huff and Perlzweig.^ 

t N*-Methylnicotinamide as determined by the method of Hu5^, Perlzweig, and 
Tilden * 

The data show a significant drop in the nicotinic acid excretion when 
casein was replaced by gelatin, a tryptophane-deficient protein. The in- 

* This work was aided by grants from the Nutrition Foundation, Inc., the John 
and Mary R. Markle Foundation, and the Duke University Research Council. 

^ Huff, J. W., and Perlzweig, W. A., J. Biol, Chem.f 142, 401 (1042). 

* Krehl, W. A., Teply, L. J., Sarma, P. S., and Elvehjera, C. A., Science, 101, 
489 (1945). 

’ While these studies were in progress, Singal el al. published an abstract (SingaT,. 
S. A., Briggs, A. P., Sydenstricker, V. P., and Littlejohn, J., Federation Proc., 5, 
1&4 (1946)) of their work stating that rats on a diet of com grits excreted increased 
amounts of unmethylated nicotinic acid upon the addition of tryptophane. In our 
experiments the major increase is in the methylated form. 
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crease in the nicotinic acid excretion on addition of 50 mg. of f-tryptophane, 
when given either orally or parenterally, was immediate, within 24 hours, 
and much greater than those observ'ed previously with other amino acids.' 
The addition of tr 3 'ptophano to the casein diet likewise produced a large 
rise in nicotinic acid excretion. Indeed the increase in nicotinic acid 
synthesis was apparentl}' so great that it exceeded the capacity of the rat 
to methylate it, and much t)f it was e.vcrcted as such in the urine. This 
fraction was shown to consist entirely of free nicotinic acid by failure to 
obtain larger values after hydrolysis with G N HCl, and its identity was 
definitely confirmed by assa 3 's with L. arahwosits. The identity of the 
methylated fraction as N'-methjdnicotinamide was established by obtain- 
ing practically identical ^mlues from anatyses by tliree methods based on 
different chemical reactions.''"’' The fecal e.vcretion of nicotinic acid de- 
rivatives did not vary significantly after the administration of try’ptophane, 
amounting to about 12 y per rat per day. These observations indicate 
that tryptophane may be the important precursor of nicotinic acid syn- 
thesis in the rat. 

Dcparltnent of Biochcmislrij Fred Kosex 

Duke University School of Medicine Jesse W. Huff 

Durham, North Carolina William A. Perlzwbio 

Received for publication, March 13, -1946 


* Huff, J. W.. and Perlzweig, W. A., J. Biol. Chem., 160, 483 (1943). 

‘ Huff, J. W., Perlzweig, W. A., and Tilden, M. W., Federation Proc., 4, 92 (1945). 
' Perlzweig, W. A., Levy, E. D., and Sarett, H. P., J. Biol. Chem., 13S, 729 (1940). 


ON THE ^MECHANISM OF ENZYMATIC ACTWITY 


Sirs: 

In a recent note’ experiments were described which showed that immuno- 
logical reactions occurred between a film of antigen deposited on a metal 
slide and homologous antibodies, in spite of an intervening screen of one or 
more layers of barium stearate. That -work has been e.xtended by sub- 
stituting screens of Formvar (a formaldehyde polyv'inyl pol3Tner) for 
barium stearate a-ithout any significant difference in results. 

The analogj’ between enzymatic and immunological reactions naturally 
led to testing the possibility that enzymes could react on a deposited film of 
protein notwithstanding an inten-ening screen of inert material. Tests 
were carried out a-ith the crj'staUine proteolytic enzymes pepsin and tryp- 
sin. For this study, films of the antigen bo^-ine albumin were deposited on 


Trypsin Action on Bovine Albumin through Formvar Screens 


Antigenic films, 1 double layer egg albumin plus 



1 double lay» 
bovine aJbaxnia 

2 double layers 
bovTce aJbunua j 

3 double layers 
bovine albumin 


A 

A 

A 

A 

A 

A 

Thickness of Formvar screen 

“ “ adsorbed antibovine 

antibodies after trypsin treatment 

0-10 

65 

0-50 

so 

0-65 

150 

and removal of screen 

0 

85 

0 

100 

0 

130 


polished metal slides, as described in the previous note. Trypsin solution, 
for instance, when sYneared on the slide acted upon the films in a few seconds 
so that subsequent treatment of the plate by homologous antisera did not 
bring about any^ increase in thickness, thus demonstrating the inactivation 
of the films by the enzyme. If, however, a drop of solution of Formvar in 
ethylene dichloride was deposited on the transferred antigen laj'ers, a pro- 
tecting screen was formed on the protein film. After formation of the 
Formvar screen a drop of trypsin solution (0.4 per cent in veronal, pH 7.5) 
was deposited on the screen for 5 min utes and the plate then washed. The 
Formvar film was subsequently dissolved in ethylene dichloride and finally 
the plates were treated with homologous antisera to test the antigenic films 
for their ability to react with antibodies. It was ascertained that antigenic 
films deposited on metal slides and coated with Formvar retained their 
ability to react with antibodies after removal of the Formvar screen. 

My experiments have shown that: (1) for a given number of deposited 

‘Rothen, A., Science, 102, 446 (1945). 
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antigenic films there is a corresponding critical thickness of Formvar film 
above which the screens ofTer complete protection against the enzymatic 
action ; (2) the greater the number of deposited antigenic films originally 
present the larger the critical thickness of the screen necessary for protec- 
tion. 

It is shoivn in the table that a screen 65 A thick prevents the inactivation 
of one underlying double layer of bovine albumin, whereas the same screen 
offers no protection if there are three, and very little protection if there are 
two, underlying double layers. Similar results were obtained when screens 
of barium stearate were substituted for the Eormvar. If diffusion of the 
enzyme took place, it would be hard to understand why a screen 65 A thick 
protected one double layer of antigen and permitted the complete inactiva- 
tion of three underlying double layers of the same antigen. 

These experiments suggest the possibility that proteolytic enzymes may 
operate at distances somewhat greater than 100 A. If confirmed by work 
on other similar systems, it would mean that no direct contact is necessary 
between enzyme molecules and the molecules subjected to disintegration. 
Enzymatic action may thus originate through a field of forces resulting 
from the extended resonators suggested by London. A system of many 
layers of proteins could in this way be more imstable toivards the action 
of the proteolytic enzyme than a system made of feiver layers of the same 
protein. 

The biological implications of such a hypothesis are obviously numerous 
and Avill be discussed in full elsewhere together with the work now actively 
in progress. 

Laboratories of The Rockefeller Institute for Medical Alexandre Rothes 
Research 

New York 

Received for publication, March 1, 1940 



THE EFFECT OF THE SULFOXIDE FROM di-MHTHIONINE ON 
GLUTAIMIC ACID AND GLUTAMINE IVIETABOLISM* 

Sirs: 

It has been shown recently* that the suFojdde from dZ-methionine is a 
growth-inhibiting analogue of glutamic acid in LadobacUlus arabinosus with 
an antibacterial index of 75 (total inhibition). The inhibition is overcome 
specifically by glutamic acid but not by glycine, alanine, methionine, aspar- 
tic acid, or asparagine. The corresponding sulfone does not inhibit bac- 
terial growth in equivalent concentrations. 

If glutamic acid is replaced by glutamine in the synthetic medium,- even 
twice the concentration of the sulfoxide which inhibits bacterial growth 
completely in the presence of glutamic acid has little influence on the growth 
of the bacteria. The flndings, shown in the table, suggest that methionine 


U+)-Giutaimc add 


Sulfoiide 

Bacterial crtrsrth; optical 
density 

per ml. 

per mJ. 

ng, per ml. 


0 

0 

0 

0.03 

0.12 

0 

0 

0.48 

0.12 

0 

8 

0.05 

0.48 

0 

8 

0.46 

0 

0.12 

0 

0.48 

0 

0.12 

8 

0.48 

0 

0.12 

10 

0.47 

0 

0.12 

16 

0.43 


sulfoxide prevents the amidation of glutamic acid to glutamine. The sul- 
foxide may therefore serve as a useful tool in the study of glutamic acid 
metabolism. 


Departments of Biochemistry 
-Veto York State Psychiatric Institute and Hospital 
College of Physicians and Surgeons 
Columbia University 
New York 


Ernest Boeek 
Herbert K. Miller 
Phylus Sheiness 
Heinrich Waelsch 


Received for publication, March 6, 1946 

* Aided by a grant from the Williams-Watennan Fund of the Research Corpora- 
tion. 

* Borek, E., Sheiness, P., and Waelsch, H., Federation Proc., 6, 123 (1946). 

’ Hac, L. R., Snell, E. E., and Williams, R. J., J- Biol. Chem., 169, 273 (1945). 
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FOLIC ACID AND PEROSIS* 

Sirs: 

In studies on the requirement of the chick for folic acid, perosis was found 
to occur on a purified diet which was adequate in choline, biotin, and man- 
ganese, but contained only 50 mg. of inositol per 100 gm. instead of the usual 
100 mg. Perosis in chicks receiving ample amounts of manganese and all 
of the B vitamins known at the time was reported as early as 1942. Rich- 
ardson, Hogan, and Miller' obsen-ed that at least four factors were 

EFFECT OF FOLIC ACID OM PEROSIS IN CHICKS 



UICROGRAMS OF SYHTHETlC FOLIC ACID 
PER lOOGRAUS OF DIET 


necessaiy to prevent perosis in chicks. These were manganese, choline, 
biotin, and an “unidentified organic nutrient present in the eluate of a ful- 
ler’s earth adsorbate of a water e.vtract of beef liver.” McGinnis, Noiris, 
and Heuser,= using a diet containing adequate manganese, found that yeast 
contains a perosis-preventing factor (or factors) that is different from 
choline and biotin. Campbell, McCabe, Brown, and Emmett’ obsen-ed 

* This work was supported in part by the establishment of grants at Cornell Uni- 
versity by the Cerophyl Laboratories, Inc., Kansas City, Missouri, the Lederle 
Laboratories, Inc., Pearl River, New York, and the Nutrition Foundation, Inc., 
New York. 

' Richardson, L. R., Hogan, A. G., and Miller, O. N., Untc. Missouri, Res. Bull. 
S4S (1942). 

’ McGinnis, J., Norris, L. C., and Heuscr, G. F., Poultry Sc., 21, 474 (1942). 

’ Campbell, C. J., McCabe, M. M., Brown, R. and Emmett, A. D., An. J . 
Physiol., 144, 34S (1945). 
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perosis in chicks tlmt wore receiving higli lei’cls of vitamin Be (folic acid), 
but not in those receiving low levels. 

Contraiy to this, we have found that perosis varies inversely with the 
amount of folic acid in the diet. Succinylsiilfathiazole added to the diet 
at the 2 per cent level accentuated the perosis, but had no unfavorable effect 
upon the growth and hemoglobin formation. The perosis was corrected by 
adding synthetic folic acid^ to the diet. 

Fifteen day-old white Leghorn chicks per lot were used in this e.\periinent. 
The degree of perosis was first determined at 4 weeks of age. Afterwards 
the perosis became so severe that the chicks were unable to secure food and 
water, and many died before the end of the G week e.vperimental period. 
The perosis score ivas determined according to the formula proposed by 
Wilgus, Norris, and Heuscr.® 

The data are summarized in the accompanying graph. On the sulfona- 
mide diet the low levels of folic acid caused an increase in perosis, due prob- 
ably to the greater weight of the chicks. Under the conditions of the ex- 
periment the data indicate that on the non-sulfonamide diet approximately 
20 7 of folic acid per 100 gm. of diet were necessary to prevent perosis, 
whereas on the sulfonamide diet about 30 y were needed. The fact that the 
severity of perosis was greater on the sulfonamide diet and that more folic 
acid was needed to overcome the perosis suggests that folic acid is not con- 
cerned directly, but is acting indirectly by stimulating the intestinal micro- 
organisms to produce the antiperotic factor. 

Cornell University Agricultural Experiment Station and 
School of Nutrition 

Cornell University 

Ithaca 

Received for publication, March 18, 1946 

* We are indebted to the Lederle Laboratories, Inc., Pearl River, New York, for 
the synthetic folic acid. 

‘ Wilgus, H. S., Jr., Norris, L. C., and Heuser, G. F., Poultry Sc., 16, 232 (1937). 
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STUDIES ON THE METABOLISM OF BRAIN SUSPENSIONS 
III. RESPIR.A.TIOX AT LOW OXYGEX TEXSIOX* 

Br K. A. C. ELLIOTTt and M.iRYOX HEXRY 

{From the Institute of the Pennsylcania Hospital, Philadelphia, and the Montreal 
Xeurological Institute, McGill University, Montreal, Canada) 

(Received for publication, Xoi-eniber 8, 1915) 

Most studies of tissue respiration ha%'e been carried out in air, that is 
at a partial pressure of oxj'gen of 155 mm. of Hg, allowing for water vapor 
pressure at 38°, or in 95 or 100 per cent oxj’gen. The partial pressure of 
o.xj’gen to which tissues in vivo are subjected is considerablj’ lower than 
these values. The arterial and venous oxj’gen tensions are onlj’ about SO 
and 40 mm. of Hg and the actual value in the neighborhood of re-spiring 
tissue cells is presumabty much lower. Davies' found that the oxj’gen 
tension at the surface of cat brain coetex varies from the full arterial tension 
dora to at least as low as 5 mm. of Hg. It is therefore necessaiy to know 
whether the respiration rates as ordinarilj’ measured are likelj’ to be the 
same as in the presence of phj’siologicallj’ occurring oxj’gen tensions. 

In the use of tissue slices in oxj^gen it is recognized that the oxygen 
♦ension at various depths niithin the slice will varj’, but it is assumed that 
even at a verj’ low oxygen tension the rate of respiration is the same as at 
higher tensions. The original calculation of Warburg (1) regarding the 
permissible thickness of a tissue slice is based on this assumption, although 
at the time the calculation was made the onlj’ e^’idence supporting the 
assumption was pro'S’ided bj’ work on microorganisms. Nearlj’ aU workers 
have accepted the limitations to the thickness of slices as calculated by 
Warbmg’s equation rather imcriticallj’. Fuhrman and Field (2), however, 
have shown with liver slices that there is a distinct optimum thickness, 
0.48 to 0.62 mm., at which ma.ximum rate of respiration in an atmosphere 
of oxygen occurs. Slices t hinn er than the optimum respire moreslowlj’, 
probably because the proportion of damaged cells is greater; slices thicker 
than the optimum rei3pire more slowly presumablj’ because an adequate 
oxj’gen tension is not maintained in the inner laj’ers of the slice. The 
optimum thickness for liver slices as foimd bj’ Fuhrman and Field agreed 
well V’ith the calculated maximum thickness and pro\’ides indirect e%’idence 
that liver cells respire at their full rate at verj’ low oxj’gen tensions. 

* .\n abstract of this paper has appeared {Federation Proc., 4, SS (1945)). 

t Present address, Montreal Xeurological Institute, McGill University, Montreal. 
Aided by a grant from the Committee on Therapeutic Research, Council on Pharmacy 
and Chemistry’, American Medical .Association. 

* Davies, P. W., personal communication. 
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3'he results of studies on tlic effect of oxygen tension on respiration rates 
of tissue slices (3, 4) probably reflect only a mix-ture of aerobic metabolism 
of superficial colls, anaerobic metabolism of inner layers, and possible inter- 
mediate conditions. Warren (4) has made the first direct and valid study 
of the effect of I’cry loiv oxygon tension on an animal tissue. He used .sus- 
jiensions of bone marrow and followed the rate of change of oxygen tension 
in the medium by a polai'imetric method, and was thus able to .show that 
o.xygen was utilized by' the ti.ssue at a constant rate until the o.xygcn tension 
was reduced to 4 mm. of Ilg or lc.ss. Winzler (5) has .shown bj' the polaro- 
graphic method that the o.xygcn tension at which the rc.spiration rate of 
yeast begins to fall off varies widely with the temjierature, being 0.0, 2.5, 
and 6 mm. of Hg at 5°, 20°, and 34° respectively. 

AA^ith ti.ssue suspensions the particles arc small enough to allow the as- 
sumjition that all parts of the ti.ssue are subjected to the same o.xj'gen ten- 
.sion, provided the suspension is adccpiately mi.vcd. As was pointed out by 
Dixon and Elliott, (G), the rate of oxygen consumption in manometric 
experiments can be limited by the rate of diffusion of o.xygen from the 
gas phase into the fluid rather than by the activity of the respiring system, 
if the rate of shaking is too low or if the rate of o.xygen absorption by the 
system is too high. (The effect of increasing the rate of shaking is not alone 
a reliable indicator of adequate o.xygen diffusion (AVinzler (5).) AVith low 
o.xygen tensions in the atmosphere only low rates of respiration can be 
measured without fear of limitation by diffusion. It was shoivn previously 
(7) that the rate of respiration (per unit weight) of brain suspensions pre- 
pared in isotonic medium is not affected by the concentration of the sus- 
pension and is of the same order as the rate of respiration of slices. By 
using dilute brain suspensions, with low absolute rates of oxygen uptake, it 
is therefore possible to obtain reasonably valid direct information con- 
cerning the effects of oxygen concentration on the rate of respiration of 
brain tissue. 

The results so far obtained show that the rate of respiration of brain 
tissue is unaffected by decreasing the o.xygen tension in the gas phase to as 
low as about 4 mm.- of Hg. The low oxygen tensions found bj^ Davies on 
the brain surface in vivo are thus sufficiently high to maintain the ma.x'imum 
rate of respiration, but if circulation were decreased, the rapid respiration 
would quickly reduce the oxygen tension below the critical level. The cal- 
culation concerning permissible thickness of slices in oxygen is evidently 
reasonably valid as far as maintenance of an adequate oxygen concentra- 
tion in the inner layers of the slice is concerned. On the other hand, it was 
previously shown (7) that an atmosphere of 100 per cent oxygen has a 

* In the abstract {Federation Proc.) this figure was incorrectly given as 0.4 nim. of 
Hg. 
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slowly developing inhibitoiy effect on the respiration of brain suspensions or 
sbces. The toxic effect of high oxygen tension should be home in mind 
in work with slices and oxygen. 

In the course of this work a convenient method for determining low con- 
centrations of oxj'gen in gas mixtures was developed and is described below. 

Methods 

Gas mixtures of air and commercial nitrogen, or of mixtures of o.xj'gen 
and nitrogen containing 5 per cent COj, were prepared and stored over 
saturated calcium chloride solution in a system of large aspirator bottles. 
After thorough mixihg the ox3''gen content was determined, usually bj' 
the method described below. 

Susp)ensions of whole rat brain were prepared by homogenization in 
warm Ringer-0.033 m phosphate-0.01 m glucose medium (calcium omitted). 
After homogenization the pH of the suspension was readjusted to about 
7.3 with drops of 0.1 N sodium hj'droxide. Suitable quantities of suspen- 
sion and medium, total 3 cc., were pipetted into Barcroft manometer flasks 
equipped with bored stoppers in the side arms. The center tube contained 
splayed rolls of alkali-soaked paper held clear by small glass collars (7), 
The gas to be used was passed in series through the e.xperimental vessels 
(usually four) at room temperature at about 400 cc. per minute for 5 min- 
utes. (Connections were made so that the pressure in the left and right 
(experimental) vessels was equalized so that the manometer fluid was not 
blown over.) After the gas was passed in, all taps were closed and the flasks 
were placed in the bath at 38°, at half minute intervals for convenience in 
reading, and shaking started. The manometer taps were opened brieflj' 
immediately and then occasionally during the 8 minute equilibration 
period to release the pressure developed by warming. Thereafter readings 
were taken at suitable inteiwals. 

Method for Determining Low Oxygen Concentrations — For determining 
low concentrations of oxygen the following method was found to give 
accmate results. Both main vessels of a Barcroft differential manometer 
received 2.5 cc. of n NaOH. The side bulb of the left vessel received 0.8 
cc. of M NaCl in 0.002 n H2S0<; the side bulb of the right vessel received 
0.8 cc. of a solution containing 0.1 M pyrogallol in m NaCl-0.002 n H^0<. 
The gas to be analyzed was passed through the flasks in series (right first), 
at a rate of about 400 cc. per minute for 5 minutes, at room temperature. 
The taps were then closed, the vessels were placed in the bath at 38°, shak- 
ing started, and the taps quickly opened and closed immediately and 
several times later, as long as appreciable pressure due to warming re- 
mained. (The pressure could be detected by opening one tap at a time.) 
When the manometer reading became constant, a zero reading was taken 
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and the contents of the bulbs ■were tipped into the vessels. The alkaline 
pyrogallol then absorbed the o.vygen in the right vessel, and when the 
reading became constant, after about 30 minutes, it was noted. The per- 
centage of oxygen in a mixture of oxygen and nitrogen was then given by 
the following equation: 


% oxygen = 


100/iA- 

(v 2^ X — 

\ ^ 311 ^ 7C0/ 


100/ifc hk 

= 122 — 

0 . 82 r, , Tp 


Avhere h is the change in reading, h is the o.xygen constant for the right 
vessel, Fp is the volume of gas space in the right vessel, and corrections 
are applied for temperature and the x'apor pressure of Avater at 38°. 

The method can be used satisfactoiilj'^ also inth gas mixtures containing 
5 per cent COj. Although the alkali absorbs COi, ample alkalinity remains, 
after the gas is passed in, to cause the pjTogallol to absorb oxygen, and the 
expansion due to warming at 38° is more than sufficient to giA'e a positive 
pressure after "complete absorption of the CO 2 , so that no air is drawn in 
Avhen taps are briefly opened if time is allowed for the vessels to warm up 
first. When 5 per cent CO; is present, the above equation becomes 


% oxygen = 


100/iA 


0.82Fp X 


95 



The use of m NaCl as solvent for the pyTogallol is necessitated by the 
fact that addition of rvater or a solution of appreciably different osmolarity 
from that of the NaOH solution in the main vessel causes a large change in 
vapor pressure w'hich is difficult to balance out with the control vessel. 
Considerably more dilute alkali and pyrogallol are used than is commonly 
used for oxygen absorption; since otherwise it is difficult to avoid changes in 
vapor pressure. There ivas no evidence that CO was evolved in appreciable 
amount during oxygen absorption. The vapor pressure effect of the 0.1 M 
pyrogallol is small enough to be negligible. On tipping the pyrogallol 
solution in from the bulb there is an immediate slight increase in pressure. 
This is evidently a heat effect, and tests with nitrogen purified by hot 
copper and by alkaline pyi’ogallol showed that this pressure disappear 
rapidly. 

The highest concentration of oxygen xvliich can be measured by this 
method depends upon the density of the manometer fluid used. With 
kerosene it is about 2 per cent. With Clerici’s solution, density 4, the 
limit is about 8 per cent. The figures in Table I give results of duplicate 
determinations and a comparison W'ith the results of determinations by 
the method of Van Slyke (8). 
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The method could be modified for use -with the Warburg apparatus. It 
would, of course, be useful oulj’- when a rather large volume of the gas to be 
analyzed is available, but it is easier than standard methods and more 
suitable for low oxygen concentrations. For the present work the method 
had the advantage that a manometer for gas analysis could be set up in 
series vith experimental manometers and the oxygen content of the gas 
determined at the same time as the respiration. 

Results 

Hesults of a typical experiment showing the effects of lowered oxj'gen 
tension are illustrated in Fig. 1. In air the respiration rate per unit weight 
of tissue is imaffected by varying the concentration of tissue or by increas- 
ing the rate of shaking. In 4.3 per cent o.xygen the rate is the same as in 
air and imaffected by varying low tissue concentration, but as the concen- 
tration of tissue is raised above 50 mg. per cc., diffusion effects enter so 


Tabll I 


Percentage of Oxygen Found in Various Gas Mixtures 


Method 

COf/r« gases 

5 per ccQt CO: 

Van Slyke 

1 

0 81 

2 44 

0 49 

1 93 

4 5S 



0 79 

2 51 

0 Cl 

1 85 

4 56 

Proposed 

Passed over hot copper 

0 58 

2 43 

0 52 

1 92 

4 .59 


1 0.00 0 00 

1 

0 62 

2 40 

1 0 44 

1 90 

4 .52 


that the rate per unit weight is lowered and can be increased by increasing 
the rate of shaking. 

As lower oxygen tensions were tried, the critical tissue concentration 
was lowered, and with the low oxygen uptake rates occurring in highly 
diluted suspensions it was naturally difficult to rule out small extraneous 
effects. But when curves through numerous obsen^ed points were 
smoothed, duplicates agreed well and results were reproducible. How ever, 
as shown in Figs. 2 and 4, one effect of extreme dilution was not eliminated. 
On decreasing the amount of tissue below 8 mg. per cc., the apparent rate 
per unit weight was often initially a little low and increased after about 30 
minutes. This effect was probably an artifact connected with the slow 
rate at which equilibrium is reached between COj evolution by the tissue 
and absorption by the alkali paper. 

Fig. 2 shows the results of an axperiment in which vessels were filled with 
commercial nitrogen containing 0.6 per cent oxygen. Tliis gave the lowest 
o\-ygen tension tested, 4 mm. of Hg. It will be seen that, at least after 
the first 30 minutes, the rates per unit weight were about the same at all 
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tissue concentrations in air and at the two lowest concentrations in “nitro- 
gen.” At higher tissue concentrations in “nitrogen” the rate was limited 
by diffusion. 

There ^va.s no obvious change in the respiratory quotient under condi- 
tions in which the respiration rate was definitely limited by lack of oxygen. 
n.Q. values of 1.0, 0.93, 0.85, and 0.91, determined in bicarbonate-huffered 
medium with the Di.xon-JCeilin apparatus, were obtained with 50 mg. of 
tissue per cc. in O.G, O.G, 0.9, and 1.9 per cent oxygen. These figures are 
approximate since the total rc.spirafion was low, but they show no con- 

uc. TtSSUC 
ce. 



Fig. 1. Effects of tissue coacentnition niul rate of shaking on respiration in dif- 
ferent concentrations of oxygon. Xorinal shaking rate, 120 oscillations per minute; 
rapid shaking, 150 oscillations per minute. 

Fig. 2. Effects of tissue concentration on respiration. Unpurified nitrogen means 
gas direct from the nitrogen (•3’lindcr containing 0.6 per cent of o.xygen. 

sistent difference from values obtained with suspensions or slices in the 
presence of ample oxygen (9, 10). Laser (11) found the R.Q. of retina and 
chorion to be lowered by low oxygen tension while the o.xygen uptake rate 
was still unchanged. With bone marrow, Warren (4) found no change in 
R.Q. even when the oxygen uptake rate tvas decreased by 50 per cent. 

When the tissue was respiring at its full rate the pH of the medium showed 
little change, but whenever the rate was limited by lack of oxygen in the 
medium the pH fell app^eciabl 3 ^ The pH after 120 minutes in the e.xperi- 
ments of Fig. 2, for instance, was 7.1 to 7.3 in all manometers in which the 
full rate occurred, but with 50 and 100 mg. of tissue in 0.6 per cent oxygen 
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it was 7.05 and 6.8. Evidentl}' glycolj'sis sets in as soon as the oyj'gen 
concentration in the medium is insufficient to support full respiration. 
Fig. 3 shows the results of an experiment in which the suspending medium 
was Ringer-bicarbonate, the gases contained 5 per cent COj, and alkali 
papers were absent during the axperimental period. Dixon-Keilin ap- 
paratus was used so that the total oxygen uptake could be measured simul- 
taneously, In this experiment movement of the manometer fluid during 



I'lO 3 Glycolysis in bicarbonate buffered medium in the presence and absence of 
small amounts of oxygen 150 mg of tissue in 3 ce The unpurified Xj/CO. con- 
tained 0 5 per cent of oxygen Purified Xj/CO- is gas completely freed of oxygen by 
passage over hot copper oxide The trace of air was introduced by withdrawing gas 
from the vessels by means of a syringe and rubber valve connected to the manometer, 
until the manometer reading indicated that S70 cjnm had been removed, and then 
allowing air to replace the gas removed This gave approximately 0 5 per cent 
oxygen in the vessel 

Fig. 4. Effects of glucose concentration and tissue concentration on respiration in 
air, aith examples of duplicate determinations Curve A, 33 mg. of tissue per cc.. 
0 005 M glucose; Curve B,8 3 mg per cc , 0005 Ji glucose; Curve C, S.3 mg. per cc., 
0 0005 m glucose. Curves D and E, duplicates, 4 1 mg per cc , 0 005 u glucose; Curve 
F, 8-3 mg per cc , 0 0002 v glucose. Curve G, 8.3 mg per cc , no added glucose. 

the experimental period registered CO- evolution by glycolysis, since oxygen 
uptake and respiratory CO 2 evolution approximately balanced each other. 
The amount of ti'i.sue present was too high to allow full respiration at 0.5 
per cent oxygen (unpurified nitrogen-CO:) and xvas at about the critical 
concentration for the 1.9 per cent oxygen. It will be seen that the glycoly- 
sis rate in the presence of a little oxygen is higher and better maintained 
than in complete anaerobiosis (Elliott and Heniy, Paper R' (12)). 
In 1.9 per cent oxygen there was practically no glycolysis at first, but, as 
the oxj'gen tension was reduced by respiration, the rate steadily increased 
until at 90 minutes it was nearly as high as in the presence of 0.5 per cent 
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o.vygcn. The o.vygon ujitnlvcs over the 90 minutes were 85 and 170 c.mm. 
in the 0.5 and J .9 per cent (initial) oxygen respectively. This absorption 
of oxygen would have reduced the initial 1.9 per cent oxygen to about 1.2 
per cent. While this method shows changes in glycolysis rate, it does not 
show changes in respiration rate with time. But the results seem to indi- 
cate that glycolysis bj' brain tissue sets in as the respiration is decreased by 
lowering oxygen tension. This is in agreement wth results of Craig and 
Beecher (3) on brain cortex. But since these authors worked with sliced 
tissue, no conclusion can be drawm from their results as to the actual oxygen 
tension at the cells at Avhich these effects occur. Warren (4) found similar 
effects with slices and suspensions of bone marrow. With various types of 
red and Avhite blood cells, Kempner (13) found that glycolysis did not in- 
crease until a marked decrca.se in respiration had occurred. With various 
other tissues, glycolysis has been found to increase before respiration is 
decreased by lowering the oxygen tension (Bumm ct al. (14); Laser (11); 
vStern and Mclnick (15); Craig and Beecher (16)). 

In a previous paper (10) it was showm that the maximum respiration 
rate could be maintained vith a glucose concentration of about 6 X 10"^ 
By taking advantage of the fact that respiration is not affected even by 
extreme dilution, it was possible to show that an even lower glucose con- 
centration, 2 X 10~^ M, could maintain the full rate (see Fig. 4). As the 
glucose concentration was further lowered as a result of consumption by 
the tissue, the resphation rate fell off. Calculation, from the oxygen up- 
take, of the amount of glucose consumed during the equilibration and 
experimental periods shows that the glucose concentration at the time 
when the rate just began to fall belo\v that of the controls (30 minutes), 
was about 1 X 10~^ m. This is presumably the critical glucose concentra- 
tion. The limiting oxygen concentration, calculated from the solubility 
of oxygen at 4 mm. of Hg pressure, is about 5 X 10“® m or less. 

SUMMARY 

The rate of I'espiration of brain tissue is unaffected by reduction of the 
oxygen tension as low as 4 mm. of Hg, pro-\dded that the rate of diffusion 
of oxygen from the gas phase into the suspension medium does not limit 
the rate of oxygen uptake. 

The full rate of respiration can be obtained with a glucose concentration 
as low as 10“'* m. 

A method for determining low concentrations of oxygen in gas mixtures 
is described. 
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STUDIES ON THE METABOLISM OF BRAIN SUSPENSIONS 

IV. .\X.AEROBIC GLYCOLYSIS* 

Bv K. A. C. ELLIOTTf -< 1 x 0 iLVRYOX HEXRY 

{From the Institute of the Pennsyhania Hospital, Philadelphia, and the Montreal 
Xeurnloyical Institute, McGill Unirersity, Montreal, Canada) 

(Received for publication, Xoveraber S, 1945) 

In previous papers of this series (1-3), studies on the aerobic metabolism 
of homogenized suspensions of whole brain were reported. It was shown 
that brain suspensions, prepared under proper conditions, respire at rates 
comparable nith those of slices of gray matter and present a number of 
advantages in the studj* of brain tissue metabolism. Work nith suspen- 
sions has facilitated the study of various factors which affect glycolysis, 
and these are here described. 


Methods 

Suspensions were prepared from whole rat brains by homogenization in 
warm medium, with the apparatus of Potter and Elvehjem (4). The 
Riager-bicarbonate-glucose medium (RBG) used contained 0.12 m NaCl, 
O.OOG M KCl, 0.0012 SI MgSO,, 0.001 si phosphate, 0.024 si NaHCOj, 
0.007 SI glucose, and, in some cases, 0.0025 si CaCl*. The effects of the 
latter ion svere variable but alwaj-s small. 

Glj'coh'sis was followed manometrically in the Barcroft apparatus. 
The s'essels contained a total of 3 cc. of fluid and were filled nith 5 per cent 
CO; in nitrogen by the method previously described (3). L’nless otherwise 
stated, the gas mixture was freed of oxv-gen by passage through an elec- 
trically heated tube filled with reduced copper fragments. In many 
experiments identically filled flasks were removed at zero time and at the 
end of the experimental period, samples were diluted and deproteinized with 
ZnSOi and NaOH, and lactic acid was determined on the filtrates bj' the 
method of Barker and Summerson (5). For pvTuvate determinations, 
1 cc. of 20 per cent trichloroacetic acid was run into the flask and the filtrate 
was analyzed by the method' of Bueding and Wortis (0). 

* An abstract of this paper liaa appeared {Federalivn Froc , 4, (liMo)). 

fPresent address, Montreal Xeurological Institute, McGill University, Montreal. 

Aided by a grant from the Committee on Tlierapcutic Research, Council on Pharmacy 
and Chcmistiy*, .American Medical Association. 

* The color values for standard pyruvate solutions were veiy constant when 
Merck’s reagent grade of ethyl acetate was used. I/ow* values were obtained with 
samples of Raker’s c.i*. ethyl acetate, especially if it had been kept for some time. 
When the Baker product was treated overnight with anhydrous calcium chloride and 
distilled, it gave the same values as did the Merck product. 
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Results 

Effect of Pyruvate Concentration — effect of added pyruvate in stimu- 
lating glycolysis is well known (7, 8), Fig. 1 shows that the initial rate 
is increased to t.hc same extent by concentrations of added pyruvate be- 
tween 0.05 anti 2.0 mM per liter, but with the lower concentrations o( 
pymvate (or with higher concentrations of tissue) the rate quickly falls 
off, due to the destmetion of pj'mvatc (see below). A higher concentration, 
5.0 mM, catiscs the rate to be lowered agtiin appreciably. The results shorn 
in Fig. 2 wore obtained by^ adding very' small amounts of pyruvate and com- 



Fio. 1. Effect of pyruvate concentration on anaerobic glycolysis. 100 nig. of tissue. 
Bulbs, tipped in after 20 minutes equilibration, containing sufficient pyruvate to 
give the indicated millimolar concentrations of added pyruvate. 

Jig. 2. 100 mg. of tissue. Bulbs containing pyruv-ate to give added concentrations 
of 0, 0.05, 0.1, 0.3 mM, tipped in after 10 minutes equilibration. • represents CO* 
evolution between 5 and 15 minutes after addition of pyruvate; pyruvate determined 
in a separate identical sample at 10 minutes. X, CO 2 evolution between 25 and 35 
minutes; pyruvate determined at 30 minutes. 

paring the rate over short periods with the pyruvate concentration ana- 
lytically determined. It will be seen that the maximum effect is obtained 
in the presence of about 0.05 mM pyruvate. This concentration, 0.44 
mg. per 100 cc., is of the same order or less than that normally present in 
blood. 

Effects of Oxygen — Rosenthal (9) showed that the rate of gly^colysis of 
slices of various tissues is increased, following a period of aerobiosis in 
the same medium. This has been confirmed for brain suspensions, though 
the effect is rather short-lived, especially with thick suspensions. The 
maximum effect is reached after about 10 minutes previous aerobiosis at 
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38°. If the respirometer vessels are filled ■with nitrogen-C02 gas mixture 
as it comes from the cylinder, containing about 0.5 per cent oxj-gen, the 
rate of glycolysis is considerably and continuously greater than in the pres- 
ence of purified gas mixture.- Determinations of pj-ruvate have shown 
that these effects can be accounted for by increa.'^ed amounts of pyruvate 
in the suspension (Table I) . Further, it was found that the rapid glycolysis 
occurring in the presence of optimal amoimts of added px-ruvate is not 
further increased by pre%'ious aerobiosis or by the presence of traces of 
oxj'gen (Fig. 3). 

Rosenthal (9) found that glycolysis by fiver slices could be stimidated 
by any suitable oxidizing agent, pjTuvate, aldehyde, ferricyanide, or re- 
ducible dj-es, and did not consider the effect of prexious aerobiosis to be 
necessarily due to pxTuvate formation. Nevertheless there seems to be 

T \B1,E I 

Effects of Traces of Oxygen and of Washing an Pijrutate Concentration and Glycolysis 


Tissue from 100 mg., fresh weight, of brain. Duplicate vessels were set up and 
pyruvate determined in one of each pair at 30 minutes. 


j P>Tu\'ate eoDcratriUon 
j aftfT30mm j 

CO: e%oIutioa is 

60 mm. 



1 i/X/C* 


Unwashed tissue 

No 0. 

! 8 

111 


Traces of Oj 

1 22 

164 

Washed tissue 

Xo 0, 

1 24 

169 


Traces of 0- 

' 49 

1 195 


no doubt that pyruvate is accountable for these effects in brain. It was 
previously shown (2) that traces of material estimated as pxTuvate are 
alwaj's present in respiring brain suspensions. Presiunably an equilibrium 
concentration of p 3 -ruvate is reached when formation from glucose or lactate 
is balanced bj' o.xidative destruction. After a prefiminarj- period of aero- 
biosis there is thus sufficient px-ruvate present to stimulate glycolx'sis for 
a short time during subsequent anaerobiosis, but it is rapidly decomposed. 
In the presence of a trace of oxygen, some aerobic metabolism continues 
and maintains a sufficient concentration of p 3 'rux-ate to stimulate gh'coh-sis 
continuously. 

Effect of Washing and of Tissue Exlracl — If the brain suspension is 
centrifuged and the sediment is xvashed once or txvice, b 3 ' resuspending in 

’ The effect is not due to inhibitorj’ substances being produced in the process of 
freeing the gas from ox 3 -gen. Gb’colysis in vessels which were filled with purified 
gas and a measured small amount of air proceeded at the same rate as in unpurified 
gas. 
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cold RGB and rccentrifugiiiK, and then made up to the original volume in 
RBG, the rate of glycolysis is considerably greater than in the original 
suspension," provided Mg ion is present (see below). If the supernatant 
fluid obtained on centrifuging a strong fresh su.spension is added to a washed 
suspension, the rate of glycolysis is depressed (Fig. 4). The extract 
alone has slight glj’colytic fctixitj' (Fig. 5). The inhibitor}' factors are 



Pui. 3. KfTects of picvious nrrohiosis .“ind traces of oxygen in the absence and pres- 
ence of added pyruvate. 75 mg. of tissue. CurveA, inpurificdNj-COsgaSj'CurveB, 
in unpurified Xj-COj (nontainingubouf 0.5 per cent Oj); Curve C,in purified gas fol- 
lowing a period of 15 minutes shaking in Oj-CO- at 3S°. Pyruvate, where added, 

0.002 M. 

Fig. 4. Effects of washing, tissue concentration, and tissue e.xtract. The brain 
was homogenized 100 mg. per cc. in ninger-hicarbonatc-glucose medium. Some of 
the suspension was centrifuged; the sediment was washed twice by making up witli 
RBG to 5 times its original volume and recentrifuging, and then made up to its 
original volume. The flasks received 0.75 cc. of original suspension, 0.75 cc. of washed 
suspension (each with 2.25 cc. of RBGR 0.75 cc. of washed suspension plus 2.25 ec. 
of extract (the first supernatant fluid), 2.25 cc. of extract plus 0.75 cc. of RBG, 3 cr. 
of original suspension, 3 cc. of washed suspension. CO. evolutions are given per 100 
mg. of original tissue. The curve for tissue plus extract is corrected for the activity 
of extract alone. 

mostly removed in the fii-st extraction and the supernatant fluid after 
several washings has no effect. Hotvever, more of the inhibitor Avas found 
to be liberated from AA'ashed tissue during the course of e.xperiments. 

The increased glycolysis in AA'ashed suspensions can be accounted for by 

’ The fact that these supensions can be centrifuged and resuspended without loss 
of glycolytic activity (see also Geiger (10)) is another indication that liomogeniza- 
tion in isotonic medium does not destroy all cell structure. Cj'tolyzed cell prepara- 
tions do not glycolyze rapidly without the addition of various factors concerned in the 
glycolytic mechanism (11, 12). 
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the presence of an increased concentration of pjTrurate during gljxolysis 
(Table 1). During the manipulations involved in settingup an experiment, 
the suspension is necessarily subjected to aerobic conditions for a time, and 
consequently a small amount of pyruvate is present when anaerobiosis 


Table II 

Destriiclion of Pyruvate hy Erlract 
Pyruvate, ii X 10', found after 30 minutes anaerobiosis at 3S°. 


100 ng. tissue, washed 

1 Xo tissue 

N’o addition 

Extract added 

P>'Tuv3te added 

P>'nrvale and 
extract 

PjTu\'ate added 

1 Pynrvate and 
extract 

50 

s 

250 

34 

270 

110 


The extract was 2 cc. of the supernatant fluid obtained on centrifuging 150 rag. 
per cc. of fresh brain suspension. 



Fig. 5. Reversal of extract effect by pyruvate. Washed suspension from 100 mg. 
of fresh tissue. The extract used, 2 cc., was the supernatant fluid obtained on cen- 
trifuging a suspension of 150 mg. of fresh tissue per cc. P 3 'ruvate, where added, 
0.002 M. The curves for tissue plus extraefhave been corrected by deduction of the 
acti\dt 3 * of the extract alone (which was not affected b 3 ' added p 3 *ruvate). 

Fig. 6. Effects of magnesium. The tissue was homogenized in Mg-free Ringer- 
bicarbonate-glucose and a portion was washed and resuspended in the same medium. 
Vessels received suspension from 100 mg. of fresh tissue, yiagnesium added, 0.002 
M MgCIj; p 3 -ruvate, 0.001 m, added from side bulbs. 


is established. The tissue extract contains factors which destroy pyruvate 
so that the initial concentration of pyruvate is more rapidly reduced in 
imwashed suspension, or in the presence of added e.xtract, than in tvashed 
suspension alone (Table II). Traces of oxj’gen or the addition of pyruvate 
has little or no immediate effect with dilute 33'ashed suspensions (Figs. 
5 and 6). The inhibitoiy effect of added extract on washed brain is largely 
abolished by added pyruvate (Fig. 5). 
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Extracts prepared from tissue homogenized Avith and without glucose 
have exactly the same effect. Most of their effect remains after heating 
to 100° for 15 minutes, centrifuging clear, and readjusting the pH treat- 
ment mth CO 2 . The small amount of lactate in the extracts, 0.002 to 
0.004 M, could not accoimt for their effects. Chemical determination of 
lactate production proved that the effect was not due to CO 2 retention (see 
Table III, Experiment 1). 

The respiration rate of these suspensions, measured in the Dixon-Keilin 
apparatus, is lowered about 22 per cent by wa.shing. The addition of ex- 
tract to Avashed suspensions increased the oxj^gen uptake by an amount 
about equal to the uptake of the extract alone. 

Magnesium Ion — Geiger (11) showed that magnesium ion is necessary 
for the activity of glycolyzing extracts. The presence or absence of this 
ion in the medium usually has very little effect on ordinaiy isotonic sus- 
pensions, but the stimulating effect of added pymvate is greater in its 
presence. The increase in glycolj^sis rate follovdng washing does not occur 
if magnesium is omitted from the washing and suspension medium, although 
added pyruvate still increases the rate (Fig. 6). Presumably the tissue 
itself contains sufficient magnesium to make nearly full use of the very small 
traces of pyruvate ordinarily present in univashed suspensions and to make 
suboptimal use of added pyruvate. Tissue washed with Mg-free medium 
contains more pyruvate, but insufficient magnesium to make maximum 
use of it. The maximum effect of magnesium Ls reached vith about 0.002 
M Mg and increasing the concentration to 0.005 M has little further effect. 

Lactate — In the absence of added pyruvate, the addition of 0.01 m 
d-lactate inhibits the glycolysis rate appreciably, though the extent of 
inhibition is variable. (This concentration of lactate is considerably higher 
than that developed by glycolysis in most of these experiments.) In the 
presence of 0.001 m pyruvate, the addition of lactate had no effect (Fig. 
8 ). 

Effect of T'issue Concentration — The respiration rate, per imit weight of 
tissue, of brain suspensions prepared in isotonic medium is almost inde- 
pendent of the tissue concentration, though, vith suspensions cytolj'zed by 
suspension in hypotonic medium, the rate decreases with increasing dilution 
(1). As is shoAvn in Fig. 7 and has previously been observed by Geiger (10), 
the rate of anaerobic glycolysis decreases markedly vith increasing con- 
centration. In unpurihed gas the effects of traces of oxygen and tissue 
concentration produce a complex cun-^e. At extreme dilution, the traces 
of oxygen are sufficient to maintain aerobic metabolism. With somewhat 
stronger supensions, diffusion of oxygen is inadequate to maintain respira- 
tion, so that glycolysis sets in at a high rate, due to the stimulation by 
traces of oxygen mentioned above. At still higher tissue concentrations. 
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the rate falls again, due to the inhibitoi^' effect of increased tissue concen- 
tration on glycolysis. 

The readily extractable factors which destroj" pjTuvate account for oidy 
a fraction of the inhibition by increased tissue concentration. With un- 
washed tissue, the same extremeh' low concentration of pyruvate, 5 to 
9 X 10'* mil, was found during complete anaerobiosis with thin as with 
thicker susitensions. There was a somewhat lower percentage inhibition by 
mcreased tissue concentration with wa-shed ti^e (Fig. 4), or with ample 
added pyruvate, but the effect was stUl marked. The higher lactate con- 
centration produced in strong suspensions could not account for the in- 
hibition (Fig. 8). Nor could the effect be due to change in pH, since halv- 



U«« Tifsuc in 3 ec. 

Jin. 7. Effect of tissue concentration in purified and unpurified Xi-COj gas mix- 
tures. 

Fig. 8. Tissue concentration effect with optimal pyruvate and balanced lactate. 
The vessels contained 75 or 300 rag. of fresh tissue in 3 cc. .Added pyru\-ate 0.002 
M, added lactate 0.01 at. Lactate present at end (calculated from CO- evolution 
during experimental and preliminary periods): strong suspension plus pa-ruvate, 
0.012 at; dilute suspension plus pyruvate and added lactate, 0.014 at. 

ing the bicarbonate concentration in the medium scarcely affected the rate 
of glycolysis. Geiger (10) described an inhibitor of glycolysis in cytolyzed 
brain which avas associated with cell debris, and Utter el al. (12) have iden- 
tified this with a pjTidine nucleotidase. Geiger reported that the inhibitor 
did not affect the glycolysis of imcj^tolyzed cells. Since washing does not 
lower the glycolyas of isotonic suspensions, pyridine nucleotides are pre- 
sumably retained inside cell structures. It is difficult to ascribe the con- 
centration effect in this case simply to coenzyme destruction. Possibly 
autolytic processes play a part. 

Serum — The addition of rat serum or inactivated horse serum, 2 cc. in 
the total 3 cc., inhibited lactic acid formation (chemically determined) 
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about 35 per cent, ivhen compared with a control containing calcium ion 
and as much added lactate as was present in the semm (approximately 
0.009 mM per cc. of semm) (see Table III, Experiment 2). The serum was 
not found to destroy either initial tiaces or added pynn'ate, and in itself 
contained sufficient mateiial deteimined as pymvate (about O.l niM) to 
cause .stimulation. The natiue of the inhibiting substance was not idonti- 


HI 

lijftclb of Phosphiitc Biijjtr and Other Vtulots on Total Acid and Lactic Acid Toniiation 
Quantifies are expiessed in micromoles pei kiii of fiesli tissue in 2 hours 


Experi- 

ment 

Medium 

Tissue, per 

3 cc 

pH* 

Acidf 

formed 

Lactic 

No 


Start 

End 

formed 

1 

Ringer-bicarbonate 

75 (W.ished) 



143 

125 


d- extract from 225 mg tibsue 

75 



80 

04 


Cirreetion foi extiaet jilone 




10 

3 

2 

' Kiiigei -hicarhonafc 

100 


i 

121 

107 


-f d-lactate 0 OOS m 

100 



107 

99 


-i-2 cc horseseruni(inactivatcd) 

100 




1 


+ 2 “ rat serum 

100 




' 07 

3 

Hingei -bicarbonate 

75 



125 

116 


a 

30f) 



01 

ol 


Ringer-O 033 Jt phosphate 

76 

7 37 

7 08 


84 


<< (4 <( 

300 

7 53 

7 03 

72 

36 

A 

Ringer-0 032 m phosphate 

100 (Washed) 

7 22 

6 91 

154 

104 


-}- d-lactate 0 01 m 

100 

7 31 

6 92 

189 

79 


-f- extract from 300 mg tissue 

100 

7 43 

7 20 

93 

44 


* pH determined with glass electrode The initial pH was determined rapidl}’’ on 
the contents of an identically set up manometer flask, immediately after equilibra- 
tion 

t The acid formed in bicarbonate medium is calculated fiom manometneally 
determined C02 evolution With phosphate medium the value for acid formation 
IS the calculated amount of acid required to produce the observed change of pH in 
phosphate buffer of the concentration used 

fied. Some inhibition occurred ivith the supernatant fluid from heated 
semm (pH readjusted with CO 2 ). Semm has no effect on, or slightlj’ 
stimulates, the respiration of these suspensions. Human spinal fluid also 
exerted about 20 per cent inhibition of glycolysis. 

Phosphate Buffer — The Ringer-phosphate-glucose medium (RPG) for 
these experiments usually contained 0.033 m sodium phosphate, pH 7.6, 
0.102 M NaCl, and other constituents, as in RBG. The pH of suspensions 
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in REG was about 7.0 immediately after homogenization and was adjusted 
to about 7.6 with drops of 0.1 k NaOH. ^lanometers were filled u-ith 
COrfree nitrogen. 

In RBG the total acid formation, as indicated by COj evolution, was 
usually equivalent to or somewhat higher than the lactic acid production 
(Table III). In RPG the acid formation, a.s calculated from the change in 
pH of the buffered suspension on the ba-sis of the buffering capacity of the 
phosphate alone, was greater than in RBG, while the lactic acid production 
was considerably lower than in RBG. The acid formation in RPG wa-s 
very much higher than the amoirnt calculated from the lactic acid produc- 
tion. The nature of the extra acid has not been determined. Preliminaiy 
experiments in the absence of anj* buffer suggest that the peculiar anaerobic 
metabolism in RPG maj' be due to lack of bicarbonate or COj. This point 
is being studied. It ma 3 ’ be relevant to note that Geiger (10) found that 
the lactic acid formation in RPG could be brought to the same level as in 
RBG by the addition of adenosine triphosphate. The inhibitory effects of 
increased tissue concentration and tissue extract were similar in both media 
(Table III, Experiments 3 and 4). 

Comparison of Slices and Suspensions — As has been noted bj' others, the 
rate of anaerobic glj'colj’sis of brain cortex slices is very variable. For 
instance, Dickens and G^e^•ille (13) give values of Qai-. between 6.2 and 19.2 
for rat brain under comparable conditions. Bumm et al. (8) gave values be- 
tween 3.5 and 10.5. In this work values, over 90 minutes, between 5.7 
and 21.5 have been obtained in different experiments, though the majoritj’ 
of the values fell between 10 and 15. The variabilitj’ was just as marked 
when the actmtj’ was calculated on the basis of initial moist weight as of 
final dried weight of tissue. Iso sure correlation between the rate and 
s'ariations of technique was discovered* and the reason for the variability 
IS not j'et understood. Duplicate determinations on samples of tissue 
from the same brains usuallj' agreed within 20 per cent or less. Added 
Pj’ruvate usuallj' improved the maintenance of rate and reduced the rela- 
tive difference in actmty between samples of slices which varied widelj' 
"•ithout added pj-ruvate (see Table ISO- 

The anaerobic glj'colj'^ of suspensions of whole brain is less variable 
than that of slices, and duplicate determinations agree exactlj'. In eleven 
comparable determinations on different brains, with 100 rag. of tissue in 

* The following are some of tlie variations tested: storing slices till rcadj* in Ring- 
er s solution with or rcithout phosphate, warm or rold. in large or small volume, with 
or without 0; bubbling through, or dropping slices directly into the RBO in the 
manometer vessel; leaving the whole brain dry for 15 minutes, draining slices lightly 
on a perforated disk or thoroughly on linen, using surface or deeper slices from small 
or large animals; having the medium freshly treated with 5 per cent CO; or exposed 
to the air, rvith or without calcium ion in the medium. 
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3 cc. of RBG, the CO 2 evolution was between 150 and 185 c.mm. in 90 
minutes, though no special precautions were taken to equalize the pre- 
liminary manipulations. Table IV shows results of experiments in which 
the anaerobic glycolysis of cortex slices, and of suspensions made from similar 
.slices from the-same brains, is compared The rates for dilute suspensions 
average nearly the same as for .slices, but are le.ss variable; vuth stronger 
suspensions the rates per unit weight are lower than with slices. (Suspen- 

T.vbi.k IV 

Comparison oj Slices and Suspensions 

Samples of slices from three brains were placed in manometer vessels containing 
2cc. of Ringer-bicarbonate-glucosc (RBG). The remaining slices were homogenized 
in IIBG and 0.5 cc. of suspension plus 1.5 ee. of RBG or 2.0 ce,. of suspension were 
pipetted into vessels. Pyruvate, 1 cc. of 0.006 m in RBG, was added from side bulbs. 
The dry weight of tissue in suspension was calculaled from the dry weight of 
samples of suspension and of RBG, allowance being made for the volume occupied 
by the tissue in th^ suspension. 

The final dry weight of slices in each manometer was 10 to 16 mg. “Dilute” 
suspension contained 6 to 9 mg., dry weight, of tissue per manometer; “strong” 
suspension contained 4 times as much. 

C.mm. of CO3 evolved per mg., dry weight, of rat brain cortex in the first 30 min- 
utes and, in parentheses, in the third 30 minutes. 


! 

Slices 

Suspension 

Pyruvate, 0 002 u, added 

Slices 

1 Suspension 

Dilute 

Strong 

Dilute 

Strong 

9.7 (3.9) 

8.1 (5.9) 

5.1 (3.3) 

14.0 (10.6) 

9.6 (6.4) 

8.0 (5.3) 

11.7 (5.8) 

j 


14.7 (11.4) 



4.3 (1.7) 

8.5 (3.3) 

5.0 (2.9) 

10.2 ( 7.8) 

10.5 (6.5) 

8.1 (5.3) 

5.2 (2.0) 



9.7 ( 6.9) 



11.4 (5.3) 

9.3 (6.3) 


11.8 ( 5.0) 


7.8 (4.0) 

10.0 (4.1) 



12.3 ( 7.2} 

1 



8.8* (4.5) 

7.9* (5.0) 

5.2* (3.1) 

I 




* .4verage of above and three other experiments. 


sions prepared in hypotonic medium show greatly reduced activity, even 
if salt is added after homogenization.) 

Tissue extract inhibited the glycolj^sis of slices to about the same extent 
as that of suspensions. Serum, 2 cc., inhibited the chemically determined 
lactic acid formation strongly, 60 to 80 per cent. There was no consistent 
variation in the rate per unit weight with increasing amoimts of slices up 
to about 20 mg. of final dry weight in 3 cc., but with large amounts, over 40 
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mg. of dry iveight, the rate fell off rapidly ivith time. E.xperiments in- 
dicated that this effect could be accmmted for by accumulation of lactate. 

With suspensions, the initial rate of glycolysis is independent of the glu- 
cose concentration, at least between 0.001 and 0.017 m. With slices the 
rate was appreciably lower in 0.0037 m than in 0.0075 ^ glucose. With 
suspensions, as with slices (Dickens and Greiille (13)), incubation in the 
absence of both glucose and oxygen causes rapid destruction of the glyco- 
Ijiric actmty, 85 per cent in 20 minutes. Addition of pj-ruvate does not 
restore the full actmty. Traces of oxygen greatly decrease the rate of 
destruction. 


niscussioN 

In iTew of the results described in the preceding sections it is apparent 
that no fixed value can be estimated for the “normal” glycohriic actmty 
of brain and possibly of other tissues. Under conditions of anoxia, the 
rate at which glyceljais proceeds in vivo will be partly determined bj' the 
local pyruvate concentration. This, in turn, will depend upon the amount 
of pyruvate in the circulation or upon the presence or absence of residual 
traces of oxj-gen or upon the extent to which pjTUvate formed during pre- 
vious aerobiosis has been destroyed. Further doubt concerning the rates 
which may occur in vivo is raised by the report of Macfarlane and Weil- 
Malherbe (14) that the rate of glycolysis with slices is verj’ high during the 
first few minutes of anaerobiosis and bj" the fact that tissue extracts, prop- 
erly supplemented, glycolyze veiy much faster than would be e.xpected 
from the rates commonly observed with slices or suspensions (Geiger (11); 
Utter el al. (12)). The release of pjTuvate-destroying factors and the 
inhibitory effect of increased tissue concentration may be functions of dam- 
age to the tissue. But it is possible that they reflect regulatory mechanisms 
which may be effective in vivo. 

Except in the case of muscle, little consideration has been given to the 
physiological role of glycolysis. In muscle it is understood that glv'colysis 
serves as a rapid method for producing energj'-rich phosphate bonds when 
these are used up during actmty faster than they can be provided by the 
oxygen supply and respiration. It Ls commonly assumed that glycolv'sis 
serves a similar function in other tissues. We would like to suggest the 
possibility that anaerobic glycolysis maj' be a normal process, not confined 
to emergency situations in V'arious tissues, and might serve other functions 
besides the provision of energv'. Local fluctuations in oxygen tension 
probably occur normallj' in the brain. Chambers and Zweifach (15) have 
described periodic spontaneous changes in the caliber of the entries to capil- 
laries in various tissues. Davries* has observed fluctuations in local oxj'gen 

‘ DaWes, P. W'., personal communication. 
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tension on the brain cortex surface. He found that the oxygen tension 
varies at different points from the full arterial tension doivn to at least as 
low as 5 mm. of Hg. In the preceding paper (3) it was shoivn that brain 
tissue respires at its full rate in the presence of veiy low oxygen tensions, 
at least as low as 4 mm. of Hg. It seems reasonable to suppose that, if 
the blood supply to any zone is decreased even briefly, the rapid respiration 
would quickly reduce the oxygen tension in the neighborhood of respiring 
cells below the critical level, and the cell group affected would tend to 
change over from respiration to glycolysis.^ The rate of glycolysis might 
be expected to be rapid almost immediately after the oxj'gen supply is 
diminished, since, as was shown in the preceding sections, the pyruvate 
present in the tissue after a period of aerobiosis would produce a nearly 
maximum glycolysis rate, and traces of oxygen remaining would tend to 
maintain the high rate. The lactic acid formed within the tissue cells by 
the glycolysis would be expected to produce marked changes in the func- 
tional activity of th'e cells, owing to the effects of hydrogen ion concentra- 
tion on the distribution of electrolytes across the cell surface and on the 
activities of enzymes. Any lactic acid formed, in excess of what could 
be consumed during early restoration of aerobiosis, would presumably 
escape from the cells, affect the pH of the surroimding fluids, and tend to 
produce an increase in the local circulation rate by action on the blood 
vessels. 

Obsen'ations in the literature are in accord with the suggestion that 
glycolysis occurs normally in the brain. Glycolysis in the brain is very 
rapid once the circulation is stopped by decapitation (18), but lactic acid, 
which has accumulated in the brain dining anoxia, disappears rapidlj'^ during 
recovery, probably by oxidation (19). However, even under normal con- 
ditions a small amount of lactic acid is added to the blood stream by the 
brain (20). Mej’^erhof and Lohmann (21) showed that fructose will serve 
as substrate for respiration but not for glycolysis in brain tissue. Since 
intravenous fructose will not prevent insulm conimlsions, they suggested 
that glycolysis is an indispensable vital fimction of nervous tissue. Fruc- 
tose does not maintain the electrical activity of the cerebral cortex in 
the hepatectomized animal (22). 

If the oxygen tension in the tissue is 10 nun. of Hg, there would be jirrscnt at most 
0.3 c.mm. of dissolved oxygen per ec. If the respiration rate of brain is about 5000 
e.mm. per gm. per hour (16, 1), the dissolved oxygen could l)e completely consumed in 
0.2 second. Whole unexsanguinated brain contains about 2 per cent of blood (White 
el al. (17): Elliott, unpublished). If this were all in capillaries it might, provide 
sufficient oxygen to last at most 3 seconds after complete cessation of flow, but the 
oxygen tension would fall rapidlj". (These are average figures for whole brain; 
the quantities and times would, of course, vary in diffeient regions.) 
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stnnuRi 

Factors affecting the anaerobic glycolysis of brain suspensions have been 
studied 

1. Maximum stimulation by pyruvate is reached mth about 5 X 10~* m 
pyruvate. 

2. The rate is increased briefly by a preliminary period of aerobiosis, 
continuously by the pre-'cncc of a trace of oxygen. The<-e effects are shown 
to be due to the production, during rcsiiiration, of a concentration of. 
pyruvate sufficient to stimulate the glvcoK sis 

3. The rate is increased b> w ashing the suspension with isotonic medium. 
This effect is shotvn to be due to the removal of a system which destroys 
pjTuvate. 

4. The rate per unit w eight of tissue is decreased by increasing concentra- 
tion of tissue. This effect is not more than partly due to increase in p.XTu- 
vate-destroying factors. 

5 Added lactate inhibits glycolj’sis somewhat m the absence but not in 
the presence of added pjTux'ate. 

6. Serum inhibits considerably. This effect is not due to the destruction 
of pyruvate. 

7. In Ringer-phosphate the lactic acid production is considerably lower 
than in Ringer-bicarbonate and a large amount of unidentified acid is 
produced. 

8. The actmty of cortex slices is much more variable than that of suspen- 
sions. The glycolysis rate of .dilute suspensions of cortex is nearly the 
same as the average rate for slices. 

9. The possibility that glycolysis is a normal process with functional 
significance is discussed. 
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INFRA-RED ABSORPTION SPECTRA OF STEROIDS 

I. ANDHOGEXS AND UELATED STEROIDS* 
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University Medical College, and The A'«r York Hospital, Mew York) 
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This is the first of a series of papers on the infra-red absorption spectra 
of steroids, with particular reference to the naturally occurring steroidal 
hormones.' These studies have shown that such spectra can be of consid- 
erable aid in the chemical identification of this group of compounds. The 
present paper contains a description of the methods used in this laboratory' 
for qualitative infra-red spectroscopic analysis of crystalline steroids. The 
spectra of a numher of naturally occurring androgens and related com- 
pounds are presented and are discussed in relation to chemical structure. 

Methods 

Instrument — ^The instrument used was the Hardy two-beam infra-red 
spectrophotometer (2), built by Mr. G. Fabian Soderstrom in our shop. 
Fig. 1 is a schematic diagram of the optical sj'stem of the instrument. A 
Nemst glower {N) is the source of infra-red radiation from which the two 
beams are derived. One beam passes through a fi-xed iris diaphragm (Di) 
to the mirror M‘, which directs the beam to the top mirror at DM, from 
which it is focused on the upper portion of the first slit (Si). The other 
beam follows a similar course through a variable iris diaphragm (D) to 
mirror Mi, and then to the bottom mirror at DM, from which it is focused on 
the lower portion of the first slit (Si). The sample for analj'sis is mounted 
in front of the upper portion of slit Si and a blank rock salt plate, or control 
cell, in front of the lower portion of slit Si. Beyond slit Si, the beams pass 
through an optical sx'.stem consisting of mirrors Me, dli, ^Is, nnd a 
sodium chloride prism (P) of 10 cm. base. The prism, through which the 
beams pass twice, Ls in a Wadsworth-Littrow moimting. Increments of 
wave-length in the resultant spectrum are focused on the upper and lower 

* .-tided by a grant from the Josiah Mac 3 ', Jr., Foundation. 

' Infra-red analysis of the steroids was begun in this laboratory by Carl Hergct 
and Ephraim Shorr, and was the subject of a brief report in 1941 (1). .-tt that time 
Dr. Hergetleft this work in order to engage in war researeh at the Underwater Sound 
I.<aboratory, Harv'ard University'. 
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portion of a second slit ((S’o) through which they pass to a mirror (il/ 7), which 
focuses them on two matched thermocouple junctions (J). 

The thermocouple jimctions arc connected in opposition in a circuit 
containing a Zomike (model Zc) galvanometer. As the prism is rotated, 
different wave-lengths of infra-red radiation are continuously brought into 
focus on the thennocouple junctions. Wlien there is no absoi’ption by the 
sample, there is no difference m the inten.sity of radiation on the two junc- 
tions. However, at wave-lengths at which absorption occurs, the difference 
of intensity of radiation on the two junctions causes a deflection of the 
galvanometer. These deflections arc amplified on a ground glass scale by a 
beam of light reflected from the glavanomcter mirror. 



FiC!. I. Schemalic diagram of (he optical Bysicm of the Hardy infra-red spec- 
trophotometer. X is a Xernst glower; /> and Di iris diaphragms; ilti, M-, DM, .I/3, 
Ml, Mh, M(, and M^ mirrors; St and .S'; slits; P sodium cidorido prism; J a pair of 
matched thermocouple junctions. 

The absorption spectrum is recorded by keeping the galvanometer beam 
at the null point. This is accomplished with a manually operated wheel 
which controls the opening of the variable iris diaphragm (Z?) so as to 
balance the intensities of radiation on the two thermocouple junctions. 
The wheel also controls a pen which writes on a dmm rotated through a gear 
system by the same motor ^\•hich rotates the prism. In this manner, as 
the prism is rotated, the operator obtains a continuous^ tracing wliich repre- 
sents the absorption spectrum of the sample. On each tracing a scale is fixed 
by means of a vernier attachment on the gear mechanism controlling the 
prism rotation. This sdale, which gives the position of the prism at any 
point on the tracing, is then converted into a wave-length scale use of a 
calibration cuia'c based on absorption spectra obtained with chemical com- 
pounds with well defined absorption bands at specific wave-lengths in the 
infra-red region. 
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The spectra presented in this paper extend from 2 to 12.4 fi, although the 
spectrophotometer is capable of analysis out to about 15 ii. From 2 to 4.5 p, 
the uidth of the first slit (Si) was set atO.l mm., from 4.5 to 9 ;i at 0.3 mm., and 
from 9 to 12.4 n at 0.6 mm. The width of the second slit (S 2 ) was always 
set 0.5 mm. greater than the uidth of the first.. 

Preparation of Samples — Samples may be inve.stigated either a.s .solid films 
on rock salt plates or in. solution, in suitable cells. In the present paper, 
onl 3 ' the re.sults obtained with .solid films arc reported. The films were 
generallj' prepared by dissohung the .sample in anorganic solvent, and then 
placing the re.sulting solution drop\n.se on a salt plate, heated to a tempera- 
ture suitable for the rapid evaporation of the solvent. "When pj^ridine was 
used as a solvent, as in most of the preparations reported on in this paper, 
the sdlt plate was kept at about 100° during the application of the solution. 
With heat-stable compounds, cry'.stals were sometimes melted directh' on 
a salt plate and allowed to solidifj’ on cooling. 

The most satisfactorj’ films for analj’sis are either glassy or composed of 
crystals with little scattering power. When a film tends to deposit in fine, 
powdery crj'stals, the scattering effect of the film on the infra-red radiation 
results in le.ss satisfactory spectra. This difficulty can be partlj’ overcome by 
grinding the salt plate through which the control beam passes so as to 
simulate as closelj’ as possible the scattering effect of the film. Usually 4 to 
0 mg. of material were used on a salt plate about 2 cm. square and 3 mm. 
thick; but if material was limited, satisfactory results could be obtained 
with as little as 1 to 2 mg. 


EXPERIMENT.^. 

The absorption spectra of the following androgens and related steroid-, 
are presented in this paper: androsterone, isoandrosterone, dehj'droisoan- 
drosterone, 3-chlorodehydroisoandrosterone (Fig. 2); andro3tanediol-3(a),- 
17(a), androstanediol-3^), 17(a), A®-androstenediol-3()S), 17(a), A®-andro.“- 
tenediol-3(a), 17(j3) (Fig. 3) ; androstanedione-3,17, A^-androstenedione-3,17, 
3(a)-hj'droxyetiocholanone-17, 3(a)-acetoxj’etiocholanone-17 (Fig. 4); tes- 
tosterone, testosterone propionate (Fig. 5).- 

In the spectra presented, transmis.sion is plotted against wave-length. It 
should be pointed out that in .spectra obtained with .solid films, transmis- 
sion may vary greatlj' with varj'ing thicknesses and scattering powers of 

’ \Vc wish to express our gratitude to the following for donating crj-stalliii" B.iinpli..s 
of the steroids studied in this work; Dr. Erwin Schwenk of the Schcring Corporation 
for testosterone, testosterone propionate, androsterone, and deh^'droisoan Jrosterone; 
Dr.n. C.Maulner of Ciba Pharmaceutieal Produets, Ine., for isoandroslerons, an Jros- 
tanediol-3(a). 17(a), androstanediol-3(g), 17(a), andro3tanodionc-3.17, A‘-andros- 
tenediol-3(S). 17(a), A‘-andro3tenediol-3(a),17(/3), A‘-andro3tenedione-3. 17; and 
Dr. Seymour Lieberman and Dr. Konrad Dobriner of the Memorial Hospital, Xew 
1 ork, for 3(a)-hydroxyetiocholanonc-17 and 3(o)-acetoxyetiocholanone-17. 
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different films. Nevertheless, the distribution of absorption bands in the 
spectnim of any one compound remains constant when different films of 
that compound are subjected to infra-red analysis. 










Transmis-sion 


FUKCHGOTT, ROSEN'KRANTZ, AND SHORR 



Wavelength jn /jl 
Fir.. 3 


Analysis of Spectra 

Absorption bands in the infra-red region studied here result from intera- 
tomic vibrations, whose frequencies are related to the strength of the atomic 
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bonds involved. It should therefore be possible to assign certain absorption 
bands to particular atomic groups or linkages. This has been accomplished 
bv comparison of the various spectra obtained in this laboratory as well as 
by a study of the infra-red absorption spectra in the literature (e.g'., sec 
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Bames el al. (3)). The absorption bands which can be assigned to specific 
atomic linkages will be discussed first. 

0 — H Ahsorplion — ^e^•^ew of the literature (3-6) reveals that absorption 
bands arising from the linear -v-ibration of hydrogen in alcoholic hydroxj-l 
groups occur between 2.75 and 3 ix. This rather wide range of absorption 
has been obtained in studies emplojung a variety of solvents and concentra- 
tions. However, when alcohols arc studied in dilute solutions in carbon 
tetrachloride or chlorofonn, the hydroxw! band occurs uniformly between 
2.75 and 2.77 /i. From this it has been inferred that the “free” hydroxj-l 
absoiption baud occui-s at approximately 2.75 it, and that the broader 



Wavelength in /u. 

Fig. 5 

range of hydroxyl absorption obtained in other than these dilute solutions i= 
due to intermolecular hydrogen bonding. IVith the series of solid film'- 
studied here, the alcoholic hydroxyl absorption bands were also found to oc- 
cur over a fairly wide range extending from 2.78 to 2.99 fi. The concept of 
intermolecular hydrogen bonding may also provide the explanation for the 
occurrence of hydroxyl bands at wave-lengths above 2.75 m in the case of 
these solid films. Such bonding would be possible if the hydro.xji groups in 
these ciystalline steroidal preparations were spatially oriented in the prox- 
imity of other hydroxji or carbonyl groups in the crystal lattices. Evidence 
for hydrogen bonding of hydroxyl groups in crystal lattices of certain 
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steroids, such as isoandrostcronc and estrone, has been obtained liy x-ray 
analysis (Bernal and Crowfoot (7)), It may be seen in Table I that the ex- 
tent of the shift of the hydroxyl bands to higher wave-lengths differs for the 
various members of the series. Since other studies have shown that the 
extent of the shift to higher wave-lengths is proportional to the strength of 
hydrogen bonding, the variations noted in Table I are susceptible to the 
same interpretation. It is possible that in some compounds the orienta- 
tion of the hydroxyl groups is more favorable for stronger hydrogen bonding 
than in others. 

No absorption bands are present in the hydro.xyl region in the spectra of 
those compounds devoid of hydroxyl groups (androstanedione, androstene- 
dione, testosterone propionate, and 3(a)-acctoxyetiocholanone-17). It 
should be pointed out that in the spectrum of 3-chlorodehydroisoandros- 
terone a small amount of absorption persists in the region near 2.86 ii. 


Tahi.k I 

Absorption Maxima in Hyilroxi/l Region 


Compound 

Uavc-lenirlli 

.Androsterone 

M 

2.78 

iBoandrostcronc 

2.Sj 

Dehydroisoandrosterone 

2.83 

Androstanediol-3(a:) , 17 (a) 

2,82 

Androst!inediol-3(/3) . 17 (a) 

2.!)') 

A‘-Androstenediol-3(^) .17(a) 

2.fi7 

A*-An(frostenediol-3(a) .17(0) 

2.91 

3(a)-Hydroxyetiocholarione-17 j 

2. .SI 

Testosterone 

2.89 


This is regarded as aidsing from the incomplete convension of dehydroisoan- 
drosterone to the chloro derivative, the small absorption band in the 0 — H 
region arising from the unconverted dehydroisoandrosterone in the sample. 

C — H Absorption — In all the spectra presented here, a strong band occurs 
around 3.35 p. This band is assigned to the linear vibration of hydrogen in 
C — H groups of the steroids, since it i.s in the expected region for absorption 
of aliphatic C — H groups (3, 8). Aliphatic C — H groups, through an 
angular vibration of the hydrogen, also, produce absorption bands in the 
region near 7 m (3) . This would account for the bands in the region between 
6.75 and 7.00 p. In some of the spectra, only a single band is found, gener- 
ally around 6.85 p, as in the case of androsterone, while in other spectra two 
bands are resolved, one generally around 0.80 p, and the other around 6.90 p, 
as in the case of isoandrosterone. 

CHz Absorption — Methyl groups have been found to give rise to absorp- 
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tion bands in the region between 7.20 and 7.30 (3). In all the spectra 

presented here, a band occurs between 7.20 and 7.25 fi. These bands are 
interpreted as arising from vibration of the angular methyl groups at Cio 
and Cij. In 3(a)-acetox>’etiocholanone-17 and in testosterone propionate, 
the GHj of the acetyl and propionyl groups would contribute to the absorp- 
tion in this region. 

0=0 Absorplion— Carbonyl groups, whether present in ketones, alde- 
hydes, acids, esters, or anhydrides, absorb in the region between 5.45 and 
6.05 IS (3). In the compounds under consideration, the following carbonyl 
groups are encountered: unconjugated ketones at Cj and C17, conjugated 
ketones at Cj, and unconjugated ester carbonyl groups. In compounds in 
which an unconjugated C17 ketone is the onh’ carbonyl group present 
(androsterone, isoandrosterone, dehydroisoandrosterone, 3(Q!)-hydrox}-etio- 
cholanone-17, and chlorodehydroisoandrosterone), the carbonyl absorption 
band occurs at about 5.75 /i. In androstanedione-3,17 the carbonyl band 
also occurs at about 5.75 p; apparently the absorption frequencies of the 
unconjugated Cj and C17 ketones are so close as to result in only a single 
large absorption band. 

Double bond conjugation of a carbonyl group shifts the absorption to a 
higher wave-length (3) . This is evident in the case of testosterone in which 
the conjugated Cz ketone absorption occurs at 5.97 n. A. band at the same 
position is produced by the same grouping in A*-androstenedione-3 , 17. In 
addition, the spectrum of the latter shows a band at 5.75 fi, resulting from 
the imconjugated Car ketone. Unconjugated ester carbonyls, as found in 
3(a)-acetoxj-etiocholanone-17 and testosterone propionate, absorb at about 
5.75 fi. In the former compound, the ester absorption band is unresolved 
from the C17 ketone band, but in the latter, it Ls clearly resolved from the 
conjugated C3 ketone band at 5.97 fi. 

C=C Ahsorplion — ^An unconjugated C=C group has been found to give 
rise to an absorption band near 6.0 m (3). Conjugation of the double bond 
in such a group results in a shift of the band to about 6.20 fi, and generally 
to an increase in the intensity of absorption (3). Of the steroids under 
study, dehydroisoandrosterone, 3-chlorodehydroisoandrosterone, A’-andros- 
tenediol-3(a) , 17 (0), and A‘-androstenediol-3(^), 17(a) have an unconjugated 
double bond between C5 and Ce- -All of these compounds give a weak ab- 
sorption band between 5.95 and 6.00 /i. In testosterone, testosterone pro- 
pionate, and A^-androstenedione-3,17, the double bond between Ci and Ci 
is conjugated \\-ith the Cs ketone double bond. To this conjugated C=C 
linkage can be assigned the band which occurs at about 6.19 p in the spec- 
trum of each of these steroids. 

C — 0 Absorption — A’ibration of a C — O linkage when the carbon also has 
a double bond linkage has been sho^^n to produce an absorption band around 
8.0 n (3). This tjqje of grouping occurs in esters. In 3(a)-acetox>’etio- 
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(•liolanonc-17, it probably accounts for the band at 8.02 /x and in testosterone 
propionate, for the band at 7.95 /i. 

If the carbon in a C — 0 linkage lias only single bond linkages, the absorp- 
tion for the C — O vibration occurs between 9.0 and 10.0 /x (3). This type of 
linkage occurs in all steroids containing h 3 'droxyl groups, and therefore in 
the spectra of such steroids one might expect to be able to assign bands in 
that region to the C — 0 vibrations. However, in an.v one spectrum there 
are generally several bands in that region, not onl_v in the case of steroids 
containing C — 0 groups, but frequent^’’ in the case of steroids having no 
C’ — O group {c.g. A^-androstenedione-3,17). This situation necessitated 
careful cross-comparisons of the spectra of manj" steroids in the attempt to 
assign certain wave-lengths of absorption to the C — 0 linkages of hydroxyl 
groups. Such cross-comparisons of the spectra in this paper, and also of 
those spectra to be presented in subsequent papers, have brought out 
certain relationships between bands occurring in the 9.0 to 10.0 p region and 
the presence of different types of hydroxjds in steroids. With rc.spect to 
certain t.vpes of hydroxyls found in the steroids investigated in the present 
study, the following findings have been made. 

Ci-(P)-Hydroxyl trans to a Ci-hydrogen — Steroids vath this type of hj'- 
droxyl have all given a major band between 9.45 and 9.55 y {e.g., isoandros- 
terone, 9.47 y ). 

Ci-(a)-Hydroxyl traris to a Ci-hydrogen — Steroids with this type of hy- 
droxyl have all given a band between 9.45 and 9.55 y. In the case of the 
3(a)-hydroxyetiocholanone-17, this band (9.47 y) is not large, but in 
certain pregnane and cholic acid derivatives having this type of hj'dro.x}^, 
the band in this region is a major one. 

- C 3 -ia)-Hydroxiyl cis to a Ci-hydrogen — The onlj" steroids so far examined 
with this type of h.vdrox.vl'are androsterone and androstanediol-3(a),17(a). 
Both of these compounds gi\"e a band of medium intensity near 9.4 y and a 
band of strong intensity near 9.9 y. However, spectra of additional 
steroids containing this type of h 3 'drox.vl are required before bands at 
either of these wave-lengths can be said with certainty to be related to the 
C — 0 group of the type of hj'dro.x.yl in question. 

Cz-{fi)-Hydroxyl accompanied by a Cg-Ci double 6ond-*-Steroids with this 
type of h^'droxjd have all given a major band between 9.40 and 9.45 y {e.g., 
dehydroisandrosterone, 9.41 y). 

Cn-HydroxijI trans to a Cjx-?nethyl—iiteroidfi with this type of hj'droxj’l 
have all given a major band between 9.35 and 9.45 y (e.g., testosterone, 
9.35 and 9.43 y (split band)). 

If a steroid has two hj'droxyl groups included in the types listed above, the 
absorption resulting from the presence of the two groups is not always 
resolved into two bands. For example, in the 9.35 to 9.50 y region, andros- 
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tanediol-3(|S), 17(a) gives only one band at 9.47 y., and A‘-androstenediol- 
303) , 17 (a) gives onlj" one band at 9.43 y. 

It is likely that the absorption bands discussed above in relation to dif- 
ferent types of hydroxj’ls in steroid molecules result from the \'ibration of 
the C — 0 linkages of the hj'droxjd groups. Even if conclusive proof of this 
is lacking at the present time, it does not detract from the possible useful- 
ness of these relationships in aiding in the determination of the chemical 
structure of newly isolated steroids. Finally, it should be reemphasized 
that major bands sometimes occur near 9.4 and 9.5 y in the spectra of 
steroids having no hydroxj’l groups. Because of this, it is well to bear m 
mind that major bands in this region should not by themselves be considered 
conclusive e\’idence of the presence of anj' hydroxjd groups in a steroid. 

Ollier Absorption Bands — It is impossible at present to assign the majority 
of the absorption bands in the infra-red spectra of steroids to specific inter- 
atomic mbrations. Most of these “unassigned” bands occur beyond 10 y. 
Some of them between 10 and 11 y probably arise from C — C mbrations (3). 
^lany of them undoubtedly result from complex vibrations involving the 
steroid nucleus itself. For this reason, it might be e.xpected that steroids 
nith a similar structural configuration in one part of the molecule would 
show certain absoiption bands in common. With this possibility in -view, 
cross-comparisons were made of the absorption spectra in the region beyond 
10 y. Several apparent relationships between chemical structure and wave- 
lengths of major absorption bands were found. Two of these relationships 
appear to be well enough established to be reported at the present time. 

First, all steroids so far investigated ndth the configuration A give a 

X.)\/ 

O 

(A) 

strong band around 11.5 y. In A*-androstenedione-3 , 17, this band is at 
11.50 y, in testosterone at 11.49 y, and in testosterone propionate at 11.56 y. 
As -will be shown in a subsequent paper,’ introduction of a ketone or hy- 
droxyl group at Cii, as in certain corticosteroids, tends to lower the wave- 
length of this major band. 

The second relationship involves the configuration B. All steroids 



HO 

(B) 


* FurchROtt, R. F., Rosenkrantz, H., an*I Shorr, E., unpublished. 
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SO far investigated which have this configuration give a major band near 
n.9 n. In dehj'droisoandrosteronc, the band occurs at 11.9 p, and in 
A®-androstenediol-3(/3), 17(a) at 11.96 /i. It sliould be emphasized that this 
band is one of the bands of major intensity in tlie spectra of compounds hav- 
ing the structural configuration in question. This point is stressed since 
nearlj'’ all steroids having the structural configurations C give a band of 
moderate to weak intensity near 12.0 /i. 



no 




H 


\/ 



or 


HO 


/V 


IV 
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Although many of the bands in the infra-red spectra of steroids cannot as 
yet be assigned to specific interatomic vibrations or related to definite 
structural configurations in the molecules, they are nevertheless of great im- 
portance in the identification of steroids and in their differentiation b\' the 
method of infra-red spectroscopic anal 3 ’.sis. Largel}’^ because of such bands, 
this method permits a ready differentiation between steroidal isomers. A 
comparison of the spectra in this paper shows that this is possible not only 
for chemical isomers, such as testosterone and dehydroisoandrosterone, but 
also in the case of steric isomers, such as androsterone, isoandrosterone, and 
3(a)-hydrox}'etiocholanone-17. 


SUMMARY 

1. The infra-red absorption spectra from 2 to 12.4 n of various androgens 
and related steroids have been presented. 

2. Certain absorption bands in these spectra have been discussed in 
relation to the chemical structure of these compounds. 

3. Infra-red spectroscopy constitutes a method of Amine for the analysis 
of the chemical structure of steroids. 

We wish to acknowledge the technical assistance of Miss Alice Stohl and 
Mrs. Mildred Groves. 
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A CmCK GROWTH FACTOR IN COW iLGSTjRE 

I. ITS NOX-IDEXTITV WITH CHICK GROWTH FACTORS 
PREVIOUSLY DESCRIBED 

Bt ^L\X RUBIX \N-D H. R. BIRD 

(From Ihe Bureau of Animal Industry, Agricultural Research Center, Beltsrillc, 

Maryland) 

(Receiveil for puI)lication, February 2, 1946) 

Hammond (1) reported the feeding of dried cow manure to growing chick- 
ens. He found that it improved the rate of growth when added to low 
grade growing diets. The addition of dried cow manure to a good diet did 
not make it any better. Hammond (2) reported later that dried cow 
manure supported groivth and efficiency of feed utih'zation in chicks ap- 
proximately as well as alfalfa leaf meal when added to a practical war time 
diet containing sardine fish-meal. Whitson et al. (3) showed that 8 per cent 
of dried cow manure and 3 per cent of sardine fish-meal were about equally 
effective in impro^ung the growth of chicks fed a diet containing 35 per 
cent soy bean oil meal and no animal protein. These authors concluded 
that the substance contributed by cow manure was not a protein or any of 
the chemically characterized vitamins. 

This paper shows that the growth substance in manure is not identical 
with any of the uncharacterized growth factors which have been reported 
essential for the chick; namelj', the Laclobacilhis casei factors, factor U, 
factors R and S, vitamins Bio and Bn, and folic acid. 

It has been reported (4) that there are three LaclobaciUus casei factors. 
Each factor has been isolated from a different soiuce: one from liver (5), 
another from yeast (5), and the third from a fermentation residue (4). The 
evidence thus far reported (6) indicates that the recently sjTithesized folic 
acid (Lederle) is identical with the L. casei factor from liver. Vitamin Br, 
the antianemia and chick growth factor, first reported by Hogan and Par- 
rott (7) and obtained in ctystalline form by Pfiffner ei al. (8), is believed by 
Stokstad (5) to be identical with the L. casei factor from liver. 

Two of the three Laclohacillus casei factors have been shown to be re- 
quired by the chick. The factor from liver has been shown to be required 
(7“11) for the prevention of anemia and the promotion of growth. The 
evidence presented for the sjuthetic Laclobacillus casei factor (6) shows that 
the prevention of anemia and the promotion of growth parallel each other 
when the basal diet is fed alone and supplemented with 50 y per 100 gm. of 
diet. The report of Campbell el al. (12) shows that vitamin Be prevents 
anemia and promotes growth at the same time on a given dose of the 
ctystalline material. 
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Hutchings cl al. (4) stated that the Laclohacilhis casci factor from a fer- 
mentation residue was “active in the nutrition of the chick.” Scott el al. 
(13) reported that this factor and either a-pyracin lactone or j8-pyracin 
lactone are required for the complete prevention of macrocytic, hypochro- 
ntic anemia in chicks. The normocytic, hypochromic type of anemia de- 
veloped when the L. casci factor was supplied vdthout one of the pyracin 
lactones; the macrocytic, normochromic type of anemia occurred when 
/3-pyracin lactone was added to the diet without the L. casci factor, Daniel 
el al. (14) have reported on the formation of folic acid (a marked increase in 
Slreptococcas laclis R activity) when the L. casci factor from fermentation 
residues was incubated with a- or /3'Pyracin lactone in chick liver brei. 

Factor U was firat prepared front yeast b3’’ Stokstad and Manning (15) in 
1938. Thej’- presented evidence to .show that this factor, when added to 
their basal diet, stimulated growth of chicks. The gro^vth factor was found 
to be present in large amounts in alfalfa, middlings, wheat bran, and 3"east. 

Factors R and S were concentrated from e.\tracts of 3'east by Bauemfeind 
cl al. (16) in 1938. The chick’s need for factors R and S was confirmed by 
Hill el al. (17). These workers also showed that factors R and S are not 
identical with folic acid, Laciohacillus casci factor from liver, or vitamin Be. 

Briggs cl al. (18) reported the existence of two water-soluble vitamins 
needed b3'^ the chick. One, essential for proper feather formation, was 
named vitamin Bio; the other, necessar3' for growdh, was named vitamin Bn. 
Both of these vitamins were obtained as concentrates from solubilized liver 
(Wilson ’sliver fraction L). Reporting on the distribution of these unidenti- 
fied vitamins, these authors state, “liver and brewers’ yeast are the best 
sources, adequate at 5 per cent of the diet. Linseed oil meal, soy bean oil 
meal, alfalfa leaf meal, and grass are comparatively good sources.” 

Mitchell el al. (19) reported the concentration of a factor (folic acid) from 
spinach. This factor was active for both Lactobacillus casei and Streptococ- 
cus laclis R. Hutchings el al. (4) have reported that the three L. casei fac- 
tors (from liver, yeast, and fermentation residue) appear to be different from 
folic acid obtained from spinach. They base this statement on absorption 
spectra of the four factors. Briggs cl al. (20) showed that a concentrate of 
spinach folic acid obtained from Mitchell’s laboratory promoted gronlh 
to some extent when added to a basal diet deficient in vitamin Bn. This 
groni-h was ascribed to vitamin Bn activity m the folic acid concentrate. 
No information has been found in the literature to indicate that the folic 
acid of spinach is required by the chick. Briggs el al. (18) reported that 
maximum growth of chicks was obtained on a purified diet containing 17.5 
7 of added folic acid per 100 gm. of diet. Hill el al. (17) indicated that the 
folic acid requirement appeared to be less than 15 y per 100 gm. of diet. 
These two figures were not based on spinach folic acid concentrates, but on 
the activity of the diets for L. casei and S. laclis R. 
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EXPERIMESTAI, 

Each experimental group consisted of twenty-five cross-bred chicks. The 
chicks were reared in electrically heated batteries which were in an air- 
conditioned room. All experiments were started with day-old chicks and 
terminated at the end of 6 weeks. The basal diet consisted of yellow com 
38.0 per cent, barley 20.0, alfalfa leaf meal 3.0, soy bean oil meal 35.0, 
butyl fermentation solubles (containing 250 7 of riboflavin per gm.) 0.6, 
steamed bone meal 1.5, limestone 1.0, salt (96 per cent NaCl, 4 per cent 
.MnSO»-4H-0) 0.7, and vitamins A and D feeding oil (400 A. 0. A. C. imits 
of vitamin D, 2000 U. S. P. imits of vitamin A per gm.) 0.2. To each 100 
gm. of this diet were added 50 mg. of choline chloride and 1 mg. of nicotinic 
acid hydrochloride. The various supplements tested replaced an equal 
weight of com in the diet. 

In order to determine the relationship between the antianemia factors 
reported in the literature and the chick growth factor in cow manure, a 
study of the hemoglobin and hematocrit values in 6. week-old chicks was 
made. The hemoglobin and hematocrit values were determined for twelve 
chicks that had been reared on the basal diet and for a similar number 
reared on the diet .supplemented with 8 per cent cow manure. The average 
hemoglobin and hematocrit values for the ba«al group were 11.0 gm. per 
cent and 29. 1 per cent respectively. These chicks compared favorably with 
tlie chicks fed cow manure, whose average hemoglobin and hematocrit 
values were 11.7 gra. per cent and 30.5 per cent respectively. 

Evidently the hemoglobin and hematocrit values for the basal group were 
nomial. The addition of 8 per cent of cow manure to the diet did not make 
any significant changes in these blood characteristics. 

Yeast is a good source of factors U, R, and S, and \itamins Bic and Bn- 
Butyl fermentation solubles are a good source of the characterized B lita- 
mins and probably many of the unidentified vitamins. E.xperiment 1 was 
designed to determine how the addition of yeast or butji fermentation solu- 
bles to the basal diet would affect the growth of chicks. Also included in 
this experiment were some groups fed pyracin lactone and some related 
compounds. Scott el al. (21) reported that pyracin lactone was essential 
for the promotion of growth and prevention of anemia in chicks. The 
supplement.s fed and the average weights of the chickens at 6 weeks are 
listed in 'Pablc I. 

The results of this experiment show that yeast' and butyl fermentation 
soluble.s do not contain any substance which Ls identical with the chick 
growth factor in cow manure. Neither pyracin lactone nor the other two 

' These yeast samples were tested for their content of vitamins Bio and Bi, by 
Mr. Uobert Ijillie and Dr. G M. Briggs, Jr , of the University of Maradand. an 1 
were found to be potent sources of both vitamins. 
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related compounds showed an.v beneficial effect on growth at a level of 1 
mg. per kilo of diet. 

Alfalfa leaf meal is a good source of factor U, Solubilized liver is the 
material from which concentrates of vitamins Bjo and Bn have been pre- 
pared. In Experiment 2 the basal diet was supplemented with these mate- 
rials in order to determine whether the3' would contribute anything to the 
growth potential of this diet. The supplements fed and the average 
weights of the chickens at 0 weeks are listed in Table I. 

Tahi.k I 


Results of Feeding Various Fuppleinrrils Containing I'nidcntificd Factors 


Experiment 

No. 

Suppitment 

Average weight of chick- 
ens at 6 wks. 

1 

None 

333.3 


8% cow innnurc 

427,5 


5% butyl fermentation resiilue 

311.5 


S% yeast (Anheuser-Busch strain 0) 

299.7 


5% “ (Fleischinann) 

312.8 

i 

Pyridoxainine dihyclrochloride (1 mg. per kilo 

289. 7 

1 

diet) 

Pyridoxal hydrochloride (1 mg. per kilo diet) 

311.3 


Pyracin lactone (1 mg, i)er kilo diet) 

295. 1 

2 

iS’one 

.352.0 


5% cow manure 

451.2 


5% alfalfa leaf meal 

296.8 


3% Wilson’s liver fraction I, 

473.2 

3 

Xone 

214.2 


Folic acid (Lederle synthetic) (1 mg. per kilo 

2)5.3 


diet) 

0.1% choline chloride 

239.9 


Folic acid (1 mg. per kilo diet) + 0.1% choline 

248.6 


chloride 



Alfalfa leaf meal did not contribute any of the deficient gro^^dh substance 
to the basal diet. However, solubilized liver M’as a veiy potent source of 
the substance in which the basal diet was deficient. In this experiment and 
in all other e.xpei’iments related to this problem, the feather gro\Hh of the 
chicks on the basal diet was normal. 

Duiing the course of these experiments the sjmthctic folic acid (Lederle) 
became available. Experiment 3 was planned to detei-mine whether this 
.synthetic compound would have any effect on chick growth when added to 
the basal diet alone or with an additional 0.1 per cent choline chloride. The 
supplements fed and the average Aveights of the chickens at 6 weeks are 
listed in Table I. 
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It is endent that synthetic folic acid (Lederle) did not improve the 
groivth-promoting properties of the basal diet. 

DISCUSSION 

That the growth factor of cow manure is not identical with any of the 
preidously reported growth factors is evident. It improves the growth- 
promoting properties of the basal diet, whereas the other factors and ingre- 
dients containing them do not. Deficiency of the Laclohacillus casei factors 
causes anemia in chicks, which parallels poor growth. The basal diet de- 
scribed here prevents anemia but does not support good growth. Further- 
more, sjmthetic folic acid (Lederle) and pyracin lactone did not stimulate 
growth when added to the basal diet. These antianemia factors, therefore, 
cannot be identical with the growth factor of cow manure. 

Yeast is a good source of factors IT, R, and S, and ittamins Bm and Bn. 
Two different yeasts when fed as 5 per cent of the diet failed to show the 
growth-promoting effect of cow manure. Alfalfa leaf meal, which is a good 
source of factor U and a fair source of \ttainins Bio and Bu, failed to stimu- 
late growth in these experiments. The basal diet cannot be deficient in 
^^tamin Bio because it supports normal feather growth. Thus, the growth 
factor in cow manure is not identical with factors U, R, or S, or ^itamin 
Bio or By. 

Solubilized liver as well as cow manure proved to be a good source of sub- 
stances which promote growth when added to the basal diet, whereas butyl 
fermentation solubles did not. 

It was reported premously from this laboratorj' (22) that the growth of 
chicks fed this same basal diet was stimulated by the addition of 0,1 per cent 
choline chloride in combination with either 2 mg. of calcium pantothenate or 
0.4 mg. of p3-ridoxine hj'drochloride per 100 gm. of diet, although the basal 
diet was calculated to contain more than adequate quantities of all three of 
these mtamins. That cow manure does not owe its growth-promoting 
properties to such a combination of known vitamins is indicated by frac- 
tionation experiments to be reported in another paper (23). 

SUMM.^RV 

E\idence has been presented to .show that the growth factor of cow ma- 
nure is not identical with the Lactobacillus casei factors (from liver, j-east, or 
fermentation residues), factors U, R, or S, -ritamins Bio or Bn, sjmthetic 
folic acid (Lederle), or pj’racin lactone. 
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A CHICK GRO^T'H FACTOR IN COW MANURE 


II. THE PREP.A.RATIOX OF COXCEXTR.ATES AXD THE PROPERTIES 
OF THE FACTOR 

By max RUBIX and H. R. BIRD 

(From Ihe Bureau of Animal Industry, Agricultural Research Center, Bellsvillc, 

Maryland) 

(Received for publicalion, February 2, 1946) 

In a preinous report (1) eiidence was presented which showed that a new 
unidentified growth factor for the chick was present in dried cow manure. 
This paper is a report on methods for the concentration of the growth 
substance. 


EXPERIMENTAL 

An extract was prepared from cow manure in the following manner. 
Fresh manure containing little or no urine was dried in an oven at approxi- 
mately 45° for 24 to 3G hours. It was then groimd in a hammer mill 
through a 3/16 inch screen. A BQchner funnel, appro.ximately 25 cm. in 
diameter, set in a 4 liter vacuum flask, was used for leaching the manure. 
A No. 2 Whatman filter paper was placed in the funnel, the vacuum turned 
on, and 450 gm. of ground manure poured in, leveled, and packed lightly 
aroxmd the edge of the fimnel. On top of the manure was placed another 
filter paper, and finally boiling water was poured' into the funnel in such a 
manner that the entire surface of paper and manure became wet almost 
simultaneous!}'. The boiling water was poured in the funnel at such a rate 
that there was onl}' a thin film of water over the top filter paper. 'When 
this procedure was followed correctly, it was possible to pour about 4.5 liters 
of boiling water over the manure in 5 to 10 minutes. Even minor variations 
in the procedure sometimes caused the manure to absorb the first addition 
of water and hold it, clogging the filter and permitting onl}' a small volume 
of water to pass through into the flask. 

The extract prepared for Experiment 1 was made by extracting the ma- 
nure twice. After the first extraction, the residue was dried and then ex- 
tracted again. A sample of 3600 gm. of manure was extracted. The 
extract contained 444 gm. of air-dried solids and the residue weighed 2883 
gm. The apparent loss of 273 gm. might have been due to a change in 
moisture content and to small losses in handling. An alcohol extract was 
also prepared with 50 per cent eth}'l alcohol at 50°. Again, a sample of 3600 
gm. of manure was extracted. The extract contained 468 gm. of air-dried 
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solids and the residue weighed 3004 gm. The difference of 128 gm. may be 
explained by the same reasons previously stated. 

The chicks used were day-old Rhode Island Reds. There were twenty- 
five chicks to a group. The chicks were reared in battery brooders in all of 
the experiments. The basal diet has been described (1) . The supplements 
tested replaced an equal weight of com in the basal diet. The supplements 
fed and the average weights of the chickens at 5 weeks of age are listed in 
Table I. 

The results of Experiment 1 show that the growth factor was extracted 
by boiling water and by 50 per cent ethyl alcohol at 50°. It is also erident 
that the method of extraction was not verj'- efficient; the extracted manure 
still contained considerable groivth potencj'. 


Table I 

Growth Tests with Cow Manure Extracts 


Experiment No. 

Supplement 

Average weight 
of chickens 
at 5 wks. 

1 

None 

im. 

244.0 


8% dried cow manure 

272.1 


0.98% aqueous extract of manure 

279.6 


6.41% extracted residue of manure 

293.0 


0.98% aqueous extract and 6.41% residue 

277.8 


1.04% alcohol (50%) extract of mantiro 

273.6 


6.74% “ (50%) residue “ 

261.4 


1.04% “ extract and 6.74% residue 

274.6 


Least significant difference 29.5 gm. (19:1 odds) 



In Experiments 2 and 3, extracts of cow manure were made vdth three 
organic solvents, 95 per cent ethyl alcohol, chloroform, and ether. These 
extracts Avere made by allowing the dried ground manure to soak for several 
days in a large excess of the solvent. The residues were removed by filtering 
through a Buchner funnel and reextracted in a similar manner. HoAvever, 
the chloroform and ethyl alcohol extracts were heated to 50° before they 
were filtered. The solvents ivere removed from the extracts by distillation. 
Chloroform and alcohol Avere remoA^ed at a bath temperature of 50° under 
reduced pressure. The chicks were Rhode Island Reds and the rearmg pro- 
cedure AA'as the same as for Experiment 1. Supplements fed and average 
Aveights of the birds at 6 Aveeks are listed in Table II. 

The results of feeding extracts of coav manure made Avith organic solvents 
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show that 95 per cent ethyl alcohol was a fair solvent for the growth factor; 
but, like water, it did not bring about complete extraction. The factor was 
insoluble in chloroform and ether. 

Exiieriments 5 and 6 were a test of potency of the air-dried aqueous ex- 
tract and at the same time a determination of some of the properties of 
the growth substance in the extract. Each e.xperimental group consisted of 
six l-daj’-old Rhode Island Red chicks. Except for the dried manure sup- 
plement, which replaced com in the basal diet, all supplements were added 
to the basal diet. The supplements fed and the average weights are listed 
in Table III. 


Table II 


Grotrlh Tcsls icilh Fractions Eilracied by Organic Solcenis 


EipcrnaentNo. 

Supplement 

Average weight 
of chickens 
at 6 wks. 



in. 

2 

None 

294.2 


8% cow manure 

38S.S 


0.16% cthvl alcohol (95%) extract 8% cow manure 

360.8 


7.84% “ " (95%) residue - 8% " 

406.3 


0.50% chloroform extract = 8% cow manure 

260.1 


7.50% “ residue ~ 8% “ “ 

377.7 


Least significant difference 43.2 gm. (19:1 odds) 


3 

None 

305.4 


8% cow manure 

435.6 


032% ether extract = 8% cow manure 

302.2 

j 

7.78% “ residue = 8% “ “ 

400.4 


Least significant difference 42.5 gm. (19:1 odds) 



The heated manure extract was first ground to a fine powder and then 
heated at 100° in the diy' state for 1 hoim. The dialysis preparations were 
made by filling a cellophane tube with the filtrate from cow manure and 
allowing it to dialyze into distilled water until no color came through. This 
took several days; therefore, the whole process was carried out in a refrig- 
erator at 10° in order to prevent putrefaction. The mamue filtrate solu- 
tions could not be kept very long even at refrigeration temperatures, as they 
became putrid in a few days. Experiment 6 was designed to determine 
whether autoclaxdng the filtrate solutions at 120° and 15 poimds pressure 
for 15 minutes would destroy the growth substance. 
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Experiment 5 showed that the aqueous extract was potent when fed at a 
level of 125 mg. per 100 gm. of the diet. The growth substance in manure 
was not destroyed when heated dry at 100° for 1 hour. It did not dialyze 
through a cellophane membrane. Evidence was obtained in Experiment G 
that the extract after autoclaving for 15 minutes at 120° and 15 pounds pres- 
sure was potent when fed at a level of 0.75 per cent. Lower levels were 
not .fed. 


Table III 


Potencies and Properties of Jixlracls 


FiVpcrimcnt No. 

Supplement 

Average weight 
of chickens 
at 6 wks. 

5 

None 

mi 


<1 




244.7 


8% cow manure 

304.0 


0.125% dried aqueous evtraej 

322.0 


0.25%, 

336.0 


0.50% “ • << <. 

.303.0 


0.75% 

345.8 


0.125% e\truc( heated at 100°, 1 hr. 

325.8 


0.25% “ “ 100°, 1 “ 

214.8 


0.50% “ “ “ 100°, 1 “ 

323.5 


0.75% “ “ “ 100°, 1 “ 

278.8 


Manure filtrate dialysate = 0.75% dried e.vtraci 

284.0 


“ “ dialysis residue o 0.75% dried c.xtract 

323.7 

0 

N one 

263.2 


It 

288.8 


< 1 

279.0 


l< 

260.8 


Autoclaved extract = 0.75% dried extract 

349.5 


During the course of these experiments it had become apparent that the 
chicks used w'ere not suitable. The differences between the negative and 
positive controls were often too small; there ivas also a great deal of varia- 
bility among the chicks. It was decided to test the progeny of hens fed 
different diets. There were four hen diets involved; these are tabulated in 
Table IV. 

Diet 311 was an all-plant protein diet containing 30 per cent of soy bean 
oil meal and in many respects was very similar to the chick basal diet. Diets 
312 and 315 had high levels of fish-meal and Diet 314 was the same as Diet 
311, except that 5 per cent of cow manure replaced 5 per cent of yellow com. 
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These diets were fed to cross-bred hens (Rhode Island Red X Pljmouth 
Rock) mated to New Hampshire males. The chicks were tested in Kxperi- 
ment 7. The maternal diets, the diets fed the chicks, and the average 
weights of the progeny are listed in Table V. In this e.vperiment aU chicks 
were fed the basal diet for the 1st week of life. There were six chicks in 
each group. On the 8th day they were di^dded into groups of approxi- 
mately equal average weights and given the experimental diets. 

The results of Experiment 7 indicated that fish-meal and to some extent 
cow manure in the hen’s diet contributed something to the chicks which 
enabled them to grow as well on the chick basal diet as when the diet was 
supplemented with 5 per cent cow manure. Diet 311 did not possess this 
property. In subsequent exjieriments, only chicks whose dams were fed 


Table IT 
Maternal Diels 

The diets are given in per cent. 


Ingredients j 

1 Diet 3II 

Diet 312 

1 Diet3» 

1 Diet 315 

Yellow corn 

57.0 

78.3 

[ 52.0 

48.5 

Alfalfa leaf meal 

5.0 

5.0 1 

1 5.0 

5.0 

Soy bean oil *' 

30.0 


30.0 

30.0 

Steamed bone “ 

4.2 

3.2 

4.2 

2.7 

Limestone 

2.3 

2.0 

2.3 

2.3 

Butyl fermentation solubles 

0.5 

0.5 

0.5 

0.5 

Salt (04% XaCl; 6% .MnSO,) 

0.5 

0.5 

0.5 

, 0.5 

Iodized salt 

0.2 

[ 0.2 

0.2 1 

1 0.2 

Vitamins A and D feeding oil 

0.3 

1 0.3 

0.3 

! 0.3 

Sardine fish-meal 


; 10.0 

i 

j 10.0 

Dried cow manure ^ 

' i 

1 i 

1 

1 

5.0 



Diet 311 were used ; they were selected on the 8th day, after bavin g been fed 
the basal diet for a week. 

The fresh manure e.xtracts had a pH range of 6.5 to 7.0. It was noted 
that when the autoclaved e.xtract was acidified with HCl to pH 3.0, a gelat- 
inous precipitate formed. The major portion of the precipitate came out of 
solution in the pH range 3.0 to 4.0. Attempts to filter off the precipitate 
met iHth failure because of clogging of the filter. However, centrifuging 
for 30 to 45 minutes proved successful. The fractions were dried to a thick 
paste in an oven at 45° and then to drvTiess in a vacuum desiccator. The 
acid-soluble material was very hygroscopic. A test of these fractions was 
made in E.xperiments 8 and 9. The supplements fed and average weights 
of the chickens at 6 weeks are tabulated in Table VI. There were sLx chicks 
in each group. 
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The results of these experiments showed that the major portion of the 
activity was precipitated by acid. 

The dried acid precipitate fraction was insoluble in distilled water. How- 


T.^bi.e V 


Effect of Maternal Diet on Growth Potentialities of Chicks 


Maternal diet No. 

Supplement to chick diet 

Average weight ol progeny 
at 6 wks. 

311 

None 

Sm. 

363.0 

311 

t4 

394.0 

311 


494.0 

311 

5% “ 

502.8 

312 

None 

512.5 

312 

(( 

524.6 

312 

5% cow manure 

441.3 

312 

5% “ 

477.6 

315 

None 

447.0 

315 

*< 

497.0 

315 

5% cow manure 

465.3 

315 

5% “ 

455.8 

31-4 

None 

416.0 

314 

<< 

377.0 

314 

5% cow manure 

475.6 

314 

5% “ 

446.3 


T.\bi-e VI 

Potency of Fractions of Manure Filtrate 


lixperiment No. 

Supplement 

Average weight of 
chickens at 6 wks. 

8 

None 

gm. 

474.8 


5% cow manure 

533.6 


0.2% acid solubles (pH 3.0) 

489.0 


0.2% “ ppt. (pH 3.0) 

538.5 

9 

1 None 

351.2 


n 

294.6 


5% cow manure 

426.6 


0.05% acid solubles (pH 3.0) 

375.8 


0.05% “ ppt. (pH 3.0) 

430.3 


ever, it dissolved slowly when the solution was adjusted to pH 7.0. This 
was done by adding a concentrated solution of NaOH dropndse with stirring 
until neutrality was nearly reached and then continuing to add a more dilute 
alkali solution. 
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AATien an equal volume of saturated (NHO^SOi was added to a neutral 3 
per cent solution of the acid precipitate fraction, a precipitate formed. The 
half saturated (NH»):SO« solubles were removed from the precipitate by 
centrifugation. !Most of the original material was precipitated by the 
(NHO!SO<. a negligible ammmt of material was removed by washing the 
precipitate tudce with a half saturated solution of (NH4)iSO<. The wash- 
ings and the original solution were combined. The (XH()jSO< was re- 
moved from both fractions by dialysis through a cellophane membrane. 

The fractions produced with hah saturated (NH«):SO< were tested in 
Kxperiments 10 and 1 1. The supplements fed and the average weights of 
the chickens at 6 weeks arc listed in Table ni. There were six chicks in 
each experimental group. 


Table VII 

PoUncy of Fracliotis of Acid Precipitate 


Eipenmcnt No, 

Suppleiaent 

Average weight 
of chickecs 
at 6 wka. 

10 

None 

Sn. 

373.0 


39c cow manure 

457.0 


0.07% acid ppt. fraction 

439.1 


Half saturated (N H 4 )iSO* solubles ® 0.07% acid ppt . 

4S1.S 


“ " “ ppt. =» 0.07% acid ppt. 

461.1 

11 

None 

273.5 


0.05% acid ppt. fraction 

4U.2 


Half saturated {NH,);SO. solubles = 0.035% acid ppt. 

402.5 


“ “ “ “ = 0.07% “ “ 

.378.4 


“ “ “ ppt. = 0.025%, “ " 

361.4 


“ “ “ •• = 0.05% " “ 

34S.5 


It is apparent from the G weeks weights that the groirth factor was 
dmded between both fractions. However, since most of the inert material 
Was precipitated by the (NH<)260<, the growth substance was concentrated 
in the solubles. This fraction, when fed at levels equivalent to 0.035 and 
0.07 per cent of acid precipitate, introduced, respectively, only 3.75 and 7.5 
mg. of solids per 100 gm. of diet. Therefore the (NH<);SO< solubles con- 
stituted onlj' 0.00375 or 0.0075 per cent of the diet. Experiment 11 was a 
repetition of Experiment 10. The same half saturated (K'Rt)SOi prepara- 
tions were tested at different levels of the diet. 

DISCUSSION 

Whitson el al. (2) showed that cow manure contained a substance which 
stimulated the growth of chicks and was distinct from the characterized 
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vitamins. This factor was shoivn by Rubin and Bird (1) to be different 
from the previouslj’’ described groivth factors required by chicks. 

In this report a method for extracting the neAv growth substance from cow 
manure is presented. The growth factor was found to be soluble in water, 
50 per cent ethyl alcohol, and 95 per cent ethyl alcohol; it was insoluble in 
chloroform and ether. It Avas stable in the drj" state at 100° for 1 hour, and 
was not destroyed by autoclaving in solution for 15 minutes at 120° and 15 
pounds pressure. It did not dialyze through a cellophane membrane. It 
was precipitated from solution at pH 3.0. A method of concentrating the 
growth factor has been developed. Optimum growth was obtained ivhen 
only 3.75 to' 7.5 mg. of the concentrate were added to 100 gm. of diet. 

It has been pointed out (1) that the growth of chicks fed the basal diet was 
stimulated by feeding high levels of calcium pantothenate or pyridoxine 
hydrochloride in conjunction ivith 0.10 per cent of additional choline 
chloride. The groud-h-promoting activity of the cow manure concen- 
trate cannot be ascribed to these vitamins. The total weight of the pure 
vitamins required exceeded the amount of the crude concentrate Avhich AA'as 
active at 3.75 to 7.5 mg. per 100 gm. of diet. 

Hens that were supplied with dried cow manure or fish-meal transmitted 
enough of the groudh substance to their chicks so that the chicks had more 
than an ample supply in their bodies to last at least 6 weeks, and hence Avere 
able to groAv AA^ell AA'hen fed the basal diet. 

SUMMARY 

1. A method of extracting and concentrating the groAvth factor of cow 
manure has been developed. The factor stimulates the groAvth of chicks 
fed a practical diet free of animal protein. The most potent concentrate 
obtained supported optimum groAvth A\-hen fed at levels of 3.75 to 7.5 mg. 
per 100 gm. of diet. 

2. The factor is stable to heat in the dry state at 100° for 1 hour and to 
autoclaving in solution for 15 minutes. It Avill not dialyze through cello- 
phane. The factor is moderately soluble in ,Avater, 50 per cent ethyl alcohol . 
and 95 per cent ethyl alcohol; it is insoluble in chloroform and ether. 

3. The factor can be transmitted from the hen through the egg to the 
chick. 
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Athough there has been much effort ejtpended in the study of the 
possible r61e of ascorbic acid in carbohydrate metabolism, this relationship 
remains obscure. 

Sigal and Eng (1) showed that the glucose tolerance was markedly 
lowered in a group of guinea pigs deficient in ascorbic acid for 10 daj’s, 
that the tolerance fell further through the 20 day period during which the 
deficiencj' was maintained, and that treatment with ascorbic acid returned 
the tolerance to normal in 15 days. Atenberger (2) noted that the liver 
glycogen of scorbutic guinea pigs was lower than that of normal animals. 
Giroud and Ratsimamanga (3) also fotmd liver and muscle glj'cogen in 
ascorbic acid-deficient guinea pigs lowered in direct ratio to the duration 
of the deficiency and the muscle phosphocreatine decreased. Nair (4) 
reported decreased glucose tolerance and liver glycogen in scorbutic guinea 
pigs. Hamne (5) obtained emdence with pair-fed guinea pigs that in 
chronic scurvy the gl 3 'cogen content of the liver and muscle was lower than 
m the normal animal. The liver glycogen was decreased in the earlj' 
stages of scurvy and the muscle glj'cogen at a later stage, while the gh'cogen 
of the heart was not affected. 

Involvement of the adrenal and thyroid glands in the changes incident 
to ascorbic acid deficiencj' has been suggested. La Aler and Campbell 
(6) first reported increased size of the adrenals in scorbutic guinea pigs, 
and this has been confirmed by several other investigations (7-9). The 
most recent report is that of Baldwin, Longenecker, and King (10), who 
found in a series of twenty-five pairs of matched guinea pigs that the aver- 
age weight of the adrenal glands of the normal animals was 182 mg. and that 
of ascorbic acid-deficient animals 257 mg. The earlier literature contains 
many reports of degenerative and congestive changes, including lipid dep- 
osition, in the adrenals of scorbutic guinea pigs, but in nearlj* all of these 
studies the effect of inanition was not ruled out. AlacLean, Sheppard, and 
McHenry (11) compared the tissues of scorbutic guinea pigs with those 
of normal animals which had been restricted to the reduced food intake of 

* Present address. State College of Washington, Pullman, Washington. 
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the deficient group and found by microscopic examination no differences 
in the adrenal glands. Baldwin, Longenecker, and King (10), likewise 
using paired animals, found increased size of the adrenals of the deficient 
animals but no changes in their lipid content. 

No studies of the effect of ascorbic acid deficiency upon the behaidor of 
animals under anoxia could be found. WTien Sacerdote (12) subjected 
normal guinea pigs and rabbits to mixtures of nitrogen and o.xygen in wliich 
the concentration of the latter was gradually reduced to 3 per cent in 10 
hours, there occurred a notable increase in the ascorbic acid level of the 
blood and a decrease in the ascorbic acid content of the adrenals. No 
observations were made on the carbohydrate metabolism. 

Wertheimer (13) found no change in the blood sugar of guinea pigs, pre- 
sumably normal, kept for 3 to 11 days at 340 mm. pressure, little change in 
the liver glj^cogen, and none in the muscle glycogen. 

The response to anoxia of pair-fed normal and scorbutic guinea pigs 
might be expected to offer some index of the condition of the adrenal glands, 
since it is now believed (14) that adaptation to anoxic conditions is de- 
pendent on the mediation of that gland. 

Several reports of abnormal oxygen consumption in the later stages of 
scun' 3 ’- have appeared. Mosonyi and K4zdi (15) attributed this to hyper- 
activity of the thyroid, as did Hamnc (5). Spence and Scowan (16), 
however, found no hyperplasia of the thyroid in acute scurfy and not in 
all cases of chronic scurvy. Tornblom (17) reported diminished oxygen 
consumption toward the end of the deficiency state. These contradictory 
observations made it seem worth while to study the oxygen consumption 
of pair-fed normal and scorbutic guinea pigs. 

This experiment was undertaken to determine the extent of carbohy- 
drate absorption, blood sugar levels, glycogen content, and oxygen con- 
sumption of normal and scorbutic guinea pigs under normal atmospheric 
pressure, and their utilization of carbohydrate under moderate ano.xia. 
Some observations were also made on the weights of adrenal glands of nor- 
mal and severely deficient animals and on the lipid content of livers and 
carcasses. 


EXPERIMENTAL 

Young guinea pigs (350 to 400 gm.) of both sexes were used. They wem 
obtained from the laboratory colony and were paired carefully as to weight, 
sex, and litter origin. One of each pair was given no ascorbic acid but 
was allowed to consume the basal diet ad libitum. Each day the amount 
consumed was ascertained and the normal member of the pair allowed only 
that amount on the succeeding day. 
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The basal diet was a commercial rabbit food‘ which has been found satis- 
factory' for the stock colony when supplemented with ascorbic acid. In 
addition to the feed, the animals were each given 5 gm. of wheat germ and 
0.5 gm. of gray fish oil (20,000 units of vitamin A per gm.) weekly. The 
normal animals were given by' pipette 10 mg. of ascorbic acid three times a 
week. All the animals were kept at a temperature of 25-30°. 

The animals kept on this diet without ascorbic acid supplements de- 
veloped the first loss of appetite usually on the 14th day and defimte scurvy 
in 19 to ^ day's, as was evidenced by' extensive hemorrhages of the fascia 
of the musculature, particularly' of the legs. The deficient animals often 
lived 35 to 40 day's or longer after the ascorbic acid supplement was re- 
moved from the diet. The progress of the deficiency varied so that guinea 
pigs, maintained different lengths of time on the basal diet, presented 
anular stages of scuny, as manifested by loss of appetite and of weight, 
inactivity, soreness of joints, and unkemptness of fur. The attempt was 
made to institute the final determinations on all the animals at the same 
stage of the deficiency so far as this was possible. Because of the abrupt 
loss of weight of the scorbutic animals within a day or two of the onset of 
the symptoms, the final weight of the normal members of the pairs was 
usually 50 to 60 gm. the greater. 

When the deficient member of the pair was judged to be in an acute but 
not critical stage of scuiw’y, an event which usually occurred between the 
18th and 27th days on the diet, the carbohydrate utilization technique of 
Cori and Cori (18) was applied at once to both members of the pair. The 
animals were allowed to fast for 24 hours, were then given orally' 5 ml. of a 
solution containing 2.5 gm. of glucose, and were sacrificed 6 hours later 
by injection of 1 ml. of 6 per cent sodium amytal intrapjeritoneally. 

Blood was taken by heart puncture. The liver was weighed, transferred 
at once to a weighed, glass-stopj)ered Erlenmeyer flask containing 30 ml. 
of hot 50 p)er cent KOH, hydrolyzed by heating in a boiling water bath, 
cooled, and weighed. The gastrointestinal tract was removed, the carcass 
weighed, plunged at once into a beaker containing 350 to 400 ml. of boiling 
KOH, and boiled vmtil hydrolysis was complete. 

Glucose absorption was determined by the method of Cori and Cori 
(18), but only the small intestine was used, since even after fasting 24 

* Globe A-1 Wonder rabbit pellets, distributed by the Globe Grain and Milling 
Company, Oakland, California, and made of alfalfa meal, ground barley, ground 
oats, soy bean meal, wheat shorts, wheat bran, molasses, linseed meal, limestone, 
strained bone meal, salt, and dried whey. It contained, in per cent, crude protein 
15.0, fat 2.5, fiber 19.0, ash 10.0, added salts 1.0, and, in mg. per cent, thiamine 0.28, 
riboflavin 0.65. carotene 0.5S. 
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hours the large intestine of the guinea pig still contained considerable 
amounts of organic matter. Trials on several animals showed that no 
glucose was present in the large intestine. 

The blood proteins and the protein in the digestive contents were pre- 
cipitated by the method of Somogyi (19). The blood sugar and the re- 
ducing value of the digestive tract were determined by the use of eerie 
sulfate, according to the method of Giragossintz, Davidson, and Ivirk 
(20). Glycogen in liver and carcass was determined by the method of 
Good, Ejamer, and Somogyi (21). Titration of the resultant reducing 
solution was carried out with ceric .sulfate, and the reducing value of all 
titrations expressed as glucose. 

In a preliminary experiment five pairs of animals were used to deter- 
mine any differences as to urinary excretion of sugar. The normal animals 
excreted 115 mg. of reducing substance during 24 hours without food and 
the ascorbic acid-deficient animals 106. When 2.5 gm. of glucose were 
given and the urine collected for 6 hours, the excretion of the groups was 
45 and 35, or 180 and 140 mg. of glucose in 24 hours. Since the fasting 
excretion did not differ markedly from that following sugar feeding, true 
glycosuria was assumed to be absent and it was concluded that no signifi- 
cant effect could be attributed to the deficienc 3 ^ Similar comparisons 
were not made, however, in the anoxia e.xperiment. 

For the anoxia experiment the animals were also pair-fed. W'hen the 
appetite of the scorbutic member of a pair declined, both animals were 
placed in the low pressure chambers and kept there without food for 24 
hours. No acclimatization was attempted, but the reduction in pressure 
was accomplished gradually. The previous fast and glucose feeding used 
in the glucose utilization experiments were omitted, as was also the analy- 
sis of gastrointestinal contents. The animals were sacrificed upon re- 
moval from the chambers and blood sugar, liver glycogen, and body 
glycogen determined. 

The low pressure apparatus^ consisted of a series of 2 liter glass jars con- 
nected with the evacuating sj'stem by copper tubes sealed in the lids. 
The air inlet and outlet of the evacuating line were provided with a needle 
valve which allowed regulation of the adequately rapid air flow through 
the chambers. A calibrated mercury manometer inserted in the evacuat- 
ing line was used to indicate the pressure maintained, 349 mm. of Hg, cor- 
responding to 20,000 feet altitude (22). 

Restilts 

Glycogen and Blood Sugar, after Glucose Ingestion — In Table I are given 
the results obtained with three groups of animals. The differences be- 

= The apparatus was designed bj’ V. V. Herring, Institute of Experimental Biology. 
University of California, Berkeley. 
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tween the normal and ascorbic acid-deficient animals were of the same 
order in all the groups. It is e\-ident that the glucose tolerance of the 
deficient guinea pigs was lowered since their blood sugar was significantly 
greater than that of the normals in all cases. The mean glt'cogen content 
of the normal animals was in all three groups greater than that of the de- 
ficient group. This applied both to the absolute quantity in the liver and 
carcass and to the proportion per 100 gm. of liver and of carcass. The vari- 
ability of these values nns large, however, and the significance of the difi'er- 
ence not evident, except in Group III, the scorbutic members of which 


T^BLt I 

Carbohydrate Lcreh of S'ornial and Ascorbic Acid-Deficient Guinea Pigs 6 Hours after 

Glucose Ingestion 
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3S3 ± 26 
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496 
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17-20 days de- 
ficient 

5 

2.57 

51 ± 9 

3.06 ± 0.52 

; 300 ± 32 

! 101 ± 7 
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(374-490) 

II 

Xormal 

9 

2.59 

17 ± 2 

2.S1 ± 0 27 

379 ± 17 

74 ± 4 

498 

(454-530) 

III 

19-36 days de- 
ficient 

U 

2.59^ 

102 ± 31 

2.12 i 0.23 

333 ± 26 

112 ± 10 

433 

(352-470) 

Xormal 

n 

2 66 

5S ± 20 

1 

4 07 ± 0.20 

362 ± 14 

92 ± 6 

462 

(3S0-510) 


21-27 days de- 
ficient 

9 

2.66 

j 166 ± -tl! 

2.66 ± 0.33 

1 

311 ± 19 

162 ± 20 

404 

(326-450) 


were in a more advanced and uniform stage of deficiency than were those 
of Groups I and II. 

The absorption of sugar was reduced in the deficient guinea pigs, as was 
indicated by the larger reducing value of their gastrointestinal tracts. 
That absorption was complete in 6 hours in the case of the normal animals 
was ascertained bj^ allowing twelve normal guinea pigs to fast 24 hours, 
after which they were sacrificed and the reducing value of the gastroin- 
testinal tract determined. The average content was 17 mg. of glucose, 
about the same quantity found in the normal animals (Table I) 6 hours 
after glucose had been given.. The difference in absorption between nor- 
mal and deficient animals was consistent and significant, but not striking 
when the difference in weight of the animals is considered. Lowered in- 
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testinal absorption has been observed in various other conditions, in adren- 
alectomized, fasting, and in thiamine-, riboflavin-, or pantothenic acid- 
deficient animals. 

These differences (Table I) in blood glucose and glycogen levels betiveen 
normal and scorbutic guinea -pigs are in agreement with those described in 
earlier reports (1-5). 

Carbohydrate Metabolism under Anoxia — ^The differences in carbohy- 
drate utilization between the normal guinea pigs fasting 24 hours at sea 
level and at 20,000 feet altitude were not as striking as were those found by 
Evans (23), Lewis et al. (14), and others for rats. The blood sugar level 
was significantly raised, but the liver glycogen was not significantly in- 
creased and the carcass glycogen appeared to be significantly decreased 
(Table II). 


Tabll II 


Effect of Anoxic Anoxia on Carbohydrate Leveh of Fastini/ Xorniul and A’icorbic Acid- 

Dcficicnl Guinea Pigs 


Etperimental group 

No o( 
antmah 

|B| 

Body gl> co- 
pen 

Blood bugar 

Body wcjpht 



w?. percent 

mg. percent 

mg percent 

cm 

Xormal, sea level 

6 

414 ± 17 

307 ± 11 

81 ± 4 

469 

(370-540) 

'■ 20,000 ft. (349 mm Hg) 

12 

433 ± 8 

257 ±17 

109 ± 6, 

441 

(400-570) 

Deficient, sea level 

0 

55db 4 

230 ± G 

84 ± 4 

428 

(370-500) 

“ 20,000 ft (349 mm. Hg) 

12 

610 ± 14 

308 ± 23 

118 ± 9 

410 

(350-570) 


The deficient animals also had increased blood sugar levels under the 
reduced atmospheric pressure and significantly increased liver glycogen 
and carcass glycogen. The levels of glycogen deposits attained were, 
however, in no case comparable with those seen by Lewis cl al. (14) in 
normal rats and rabbits and by Wickson and Morgan (24) in rats under 
similar conditions. 

Size of Adrenals — Thirteen pairs of animals which had been pair-fed for 
19 to 27 days were used to determine the relative weights of the adrenal 
glands. The body weights of the normal guinea pigs ranged from 400 to 
510 gm. with a mean of 440 ± 6 gm. and those of the deficient animals from 
372 to 442 with a mean of 418 ± 2 gm. In all but two of the pairs the 
weight of the adrenal glands was greater in the deficient than in the nor- 
mal member, the mean of the former being 294 rfc 8 mg. and of the latter 
249 ± 7 mg. The weight of the adrenals of the deficient animals was 0.71 
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mg. per gm. of body M'eight and of the normal 0.57 mg. This is similar 
to the obser^-ations recorded by others (10). 

Fat Content of Livers and Carcasses — Since all the scorbutic guinea pigs 
lost weight rapidly as soon as the deficiencj' was established, it was of 
interest to determine whether this was due chiefly to fat or water loss. 
As is shown in Table III, total carcass lipids, determined on aliquots of 
the hydrolysates (25), were nearly the same in aU the groups, deficient and 
normal, whether exposed to anoxia or not. The liver lipids sinularlj' 
determined were increased in the anoxic groups, but again there was no 
significant difference between the normal and scorbutic animals. Sund- 
stroem and Michaels (26) found that rats exposed to low pressures de- 
veloped fatty yellow livers, a condition duplicated in these guinea pigs. 


T.vble III 

Liter and Carcaes Lipid Content of iVormal and Ascorbic Acid-Deficient Guinea Pigs 


Condition 

N'o. of 

Body 

Carca«s* 



weight 

Weight 

Lipidi 

Weight 


Isormal, no anoxia 

Deficient, no anoxia. 

Xomutl, exposed to anoxiaf 
Deficient, exposed to anoxiaf. 

o 

4 

12 

12 

i" 

478 

440 

434 

416 

380 
357 
361 1 
350J 

per cent 

11.2 i 0.4 

12.2 ± 1.1 
12.5 ± 0.7 
14.3 ± 0.0 

tn. 

16.5 

17.5 
18.1 
20.0 

f<r cent 

8.0 i 0.8 
7.2 ±0.5 

13.5 ±0.6 

11.5 ±0.5 


* Body minus gastrointestinal tract and liver, 
t 24 hours at 349 mm, of Hg. 

J Kight animals only used for r;trc.ass analysis. 


Because it has been shotvn (27) that scorbutic guinea pigs in these early 
stages of the deficiency remain in nitrogen equilibrium, it may be conjec- 
tured that protein catabolism is not the cause of the abrupt weight loss, 
and since there was no demonstrable change in fat content of the. body 
the loss may probably be ascribed to dehydration. 

Baldwin, Longenecker, and King (10) have also found that in normal 
and ascorbic acid-deficient pair-fed guinea pigs the gross amounts of lipids 
in livers and carcasses were alike. 

Oxygen Consumption in Ascorbic Acid Deficiency — ^The oxj’gen consiunp- 
tion and carbon dioxide production measurements were made by Dr. Max 
Kleiber,* with his apparatus designed for metabolism work with small 
a nimal s (28). Two series of tests were run, the first on anima l s fed ad 
libitum, the second on pair-fed groups. The animals were fasted 15 hours 

’ College of -Agriculture, University of California, Davis. 
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previous to the tests, during which time they were kept in an air-condi- 
tioned room at a temperature of 30° with free access to water. The test 
period was 5 hours in length. Two groups of guinea pigs of seven pairs 
each were used. The body weights were nearly the same, since the de- 
ficiency had been in effect only 15 to 30 days. The oxygen consumption 
of the normal animals corresponded to the production of 36 calories per 
day or 106 and 89 calories per kilo. The energy output of the deficient 
animals was 40 and 38 calories per day per animal or 100 and 92 per kilo. 
The respiratory quotients were the same, 0.74 to 0.78 for all groups. The 
calories per day per kilo^ were 80 db 3 and 71 ± 2 for the normal groups, and 
79 ± 4 and 73 ± 1 for the deficient groups. Thus, there was no difference 
in energy output between normal and deficient animals. The conclusion 
may be drawn that the abnormality in carbohydrate metabolism observed 
in this study was not due to deranged thyroid function. This conclusion 
was borne out bj’- the histological findings. Microscopic examination of 
sections of the thyroid of the deficient animals gave no indication of hyper- 
plasia of the epithelium or other abnormality. 

DISCUSSION 

Under the conditions of this experiment, under normal oxygen tension, 
ascorbic acid-deficient guinea pigs appeared to be somewhat less able to 
form glycogen than the pair-fed control animals. This might indicate 
excess epinephrine secretion in the deficient group, as has been suggested 
by Banerjee (29), or participation by the ascorbic acid in the process of 
glycogenosis or in the prevention of glycogenolysis. 

Under reduced oxygen tension for 24 hours the fasting normal animals 
were unable to increase their liver glycogen and actually lost muscle glyco- 
gen. But the deficient group under these circumstances definitely in- 
creased both liver and body glycogen. This may indicate exhaustion of 
epinephrine or dampening of its effect (30, 31) in the deficient animals under 
anoxia and stimulation of glyconeogenesis through mediaticn of the adreno- 
cortical hormone (14). The normal animals apparently resisted these 
changes, possibly because ascorbic acid exerts a protective effect upon the 
secretory activity of both the adrenal medulla and corfe?; (29). Glyco- 
genesis under sea level conditions was favored by the -p’resence of ascorbic 
acid but glyconeogenesis under anoxia was prevented thereby. The effect 
may be direct or through changes in the activity of the adrenal secretions. 

A comparison of the fasting metabolism of normal and riboflavin- 
deficient rats by the same technique indicated lowered blood sugar and 
liver and body glycogen at ordinary pressure in the deficient animals and 
little increase in carboh 5 'drate levels under anoxic anoxia (24). The nor- 
mal rats responded under anoxia with increased blood sugar and liver glyco- 
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gen. Apparently the mechanisms affecting carbohydrate utilization 
through riboflavin are different from those affected by ascorbic acid. 

SUMNLART 

Ascorbic acid-deficient guinea pigs were found to have significantly 
higher blood sugar and probably significantly lower liver and carcass gT 3 ’co- 
gen than the pair-fed normal animals 6 hours after thej' were fed glucose 
follo\ving a 24 hour fast'. The intestinal absorption of the sugar was less 
complete in the deficient animals. 

When similarly paired but fasting animals were exposed to anoxic anoxia, 
349 mm. of Hg for 24 hours, the deficient group was able to maintain or 
increase blood sugar and glycogen stores more effectively than did the nor- 
mal. Fasting deficient guinea pigs at ordinary atmospheric pressiue had 
lower carbohydrate stores than did those imder anoxia, but this was not 
true of the normal animals. 

The ascorbic acid-deficient guinea pigs were found to have a significant^' 
increased size of adrenals, as compared with their paired controls. 

The lipid content of livers and carcasses of the deficient animals was 
found to be nearly the same as in the normal, whether the animals had been 
subjected to anoxia or not. The sudden loss of weight in the former is 
therefore probably due to dehydration. The liver lipid values were in- 
creased in both groups after e.xposure to anoxia. 

O.xygen consumption was not altered bj' the ascorbic acid deficiencj', 
and no changes were seen in the thyroids. 

The reduced glycogenesis and increased blood sugar exhibited bj' ascor- 
bic acid-deficient guinea pigs follon-ing glucose feeding accord with the 
theory that the adrenomeduUary mechanism is hyperactive in this defi- 
ciency. The increased size of the adrenals, rapid dehydration, and gly- 
coneogenesis of the deficient animals under anoxia point to similar com- 
pensatory hyperactivity' of the adrenocortical mechanism. 
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Although there are numerous reports concerning the effect of hj-perventi- 
lation on several of the constituents of blood, there has not yet been a com- 
prehensive study of the changes in its electrolyte structure. In the earliest 
studies the alveolar CO 2 tension, the carbon dioxide absorption curve of the 
blood, and the calcium and phosphorus contents of serum were determined 
(1). The results seemed to indicate that ndth rapid fall of the COj tension 
during hypen'entilation the pH may rise to values between 7.7 and 7.8 
irithout changes of the CO* absorption cuiwe of blood, while the calcium 
content of serum remains unchanged and the inorganic phosphorus de- 
creases. These high, indirectlj' determined pH values have been criticized 
by Peters and his coworkers (2) on the basis of analyses on the blood of the 
antecubital vein of one subject, which showed a pH value of only 7.59 
during hj'perventilation . These observers also determined the chloride and 
the protein contents of serum. They found a decrease in both the chloride 
and the total determined value of anions, an imecpected result in view of the 
expected reciprocal changes in bicarbonate and chloride, and suggested that 
lactic acid accumulation caused by muscular spasm was responsible for 
their findings. Another contribution to this problem was made by Goll- 
nltzer-Meier and Meyer (3), who determined in the arterial blood of three 
subjects the CO 2 content and combining power, and in their serum the con- 
ductivity, sodium, calcium, and chloride. With decreases in the COj 
tension they found diminutions in the CO; content up to 7.5 nulliequivalents 
per liter, and they calculated increases in pH values as high as 7.63, while 
the CO; combining power remained imchanged. The conducthdty de- 
creased on the average by 1.1 per cent, while the calcium did not change. 
The serum sodium and chloride varied erratically in their experiments. 
In a later extensive study on capillary blood Shock and Hastings (4) de- 
termined the serum pH and CO. content. They found that the CO. tension 
decreased rapidly during the first 3 minutes of hypen'entilation and some- 
what more slowly thereafter. It reached an a%'erage minimum value of 
14 mm. of mercurj' after 20 minutes, with a corresponding peak value of 
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7.7 for the pH. After the hyperventilation was discontinued, the values 
returned to normal at a very rapid rate during the first 2 minutes and at a 
decreasing rate subsequently, complete recovery requiring 15 to 25, minutes. 
The bicarbonate content decreased during hyperventilation at a rate of 0.2 
to 0.7 milliequivalent per liter per minute, the maximum decrease varying 
from 4 to 7 milliequivalents. In the early stages of overbreathing the dis- 
placement of the acid-base balance proceeded along the path of the CO 2 
absorption curve of blood, while after longer periods there was evidence of 
accumulation of fixed acid. 

The most recent study, concerned with the changes in arterial and in- 
ternal jugular blood during brief periods of hyperventilation, was carried 
out on three subjects by Nims and Jiis coworkers (5). They found that the ' 
arterial pH increased rapidly during the first 2 minutes at a rate of 0.1 unit 
per minute to values as high as 7.67 at the end of 5 minutes, while the 
changes in the venous blood were of smaller magnitude and proceeded at a 
slower rate, so that the arterial-venous difference increased during hyper- 
ventilation. The CO 2 content decreased markedly in the arterial blood, 
but to a small extent only in the jugular blood. The arterial lactic acid 
increased by 0.2 to 0.5 milliequivalent per liter during the 5 to 6 minute 
periods of hypcn’’entilation, while the corre.sponding change in venous blood 
was 0.3 to 0.6 milliequivalent. 

The effect of pH on the distribution of the electroljdes in blood has been 
studied by several observers in tniro in connection wth tests of the validity 
of the Donnan theory concerning the water and electrolyte equilibria on two 
sides of a semipermeable membrane. The pioneering study which embodies 
the most comprehensive theoretical treatment of the problem was carried 
out b 3 ' Van Slyke, Wu, and McLean (6). They found that the distribution 
of electrolytes in blood cells and serum followed in a general waj" Donnan’s 
theorJ^ Later studies, while pro^dding several corrections in the numerical 
values of their estimates, have tended to .support the main thesis (7, 8). 
It appeared to us of particular interest to study voluntary hyperventilation 
with a view to testing the effect of pH changes on the distribution of 
electrolytes m vivo, because of the great variations expected, the rapidity 
of the effects, and their reversibility. Under such conditions the changes 
in electrolyte distribution should be primarilj' dependent upon variations 
in the ionic equivalency of hemoglobin, in contrast to the results of a pre- 
vious studj’ on the electrolyte distribution during pyloric obstruction, where 
changes in the organic phosphates predominated (7). 

That the chemical effect of hyperventilation is not limited to changes in 
the electrolyte distribution is indicated by the finding that the inorganic P 
of plasma decreases, and ketonuria occurs. The physiologic changes are 
not confined to the occurrence of tetany, but also include changes in con- 
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sciousness, which are associated with variations from the normal in the 
electroencephalogram (9). Since such effects may well be associated with 
changes in the electrolytes, it was decided to include in this study the 
determination of the inorganic P and potassium content of the serum. The 
interrelation between the pattern of the electroencephalogram and the 
changes in the electrolyte stnicture of the blood will be discussed elsewhere. 

EXPEHI.MENTAL 

Seven normal men served as experimental subjects. The subject came to 
the laboratory, without breakfast, at 8 a.m., undressed, and stretched out on 
a bed. Half an hour later a needle fitted with an obturator was placed in the 
femoral artery under local anesthesia. Because of the painful stimulus of 
the procedure and the anxiety of the subject involuntary overbreathing 
occurred on several occasions. After an interwal of several minutes, to 
permit restoration of the basal condition of the subject, sampling was begun. 
The blood was collected by means of a tight fitting sjTinge containing paraf- 
fin oil. The physiologic effects of the overbreathing, as described by 
previous observers, included flushing of the face, numbness and tingling of 
the face and e.xtremities, decreased level of consciousness, and occasionally 
tetany with carpopedal spasms. Electroencephalograms were obtained 
on the majority of the subjects. 

Four to six blood samples were withdrawn from each of the subjects, one 
or two before the period of hyperventilation started, twp during the period 
oT overbreathing approximately 3 and 6 minutes after the start, and one or 
two more 3 and 6 minutes after cessation of the overbreathing. For control 
purposes five samples of blood were drawn from one of the subjects at rest 
under conditions othen^Tse simulating an actual e.xperiment. In all, sixteen 
samples of blood were obtained before, fourteen during, and eleven after 
the periods of hyperventilation. 

The blood samples were distributed as follows: one portion, for the deter- 
mination of oxygen content and of the CO* in the whole blood, was delivered 
over mercury into a vessel containing 0.1 cc. of a 30 per cent solution of 
potassium oxalate; another portion, for the various analyses to be performed 
on serum, was transferred under paraflm oil to a centrifuge tube; and a 
third portion, for the whole blood analyses which did not require protection 
from exposure to air, was put into a vial containing dried heparin. The 
following constituents were determined in the whole blood: de.xtrose, oxygen 
and CO 2 content, chloride, hemoglobin, and the volume of packed cells. 
The measurements on the serum included the determination of pH, CO; 
content, chloride, sodium, and inorganic P on all of the subjects, and of 
potassium and calcium on four of them. From the data on pH and CO; 
content the CO* tension was calculated by means of the Henderson-Ha-ssel- 
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balch formula. The cellular concentrations of CO; and chloride were 
calculated, by means of the cell volume, from values deteimined on whole 
blood and serum. The hemoglobin concentration in the cells was computed 
by dividing the wdiole blood value by the relative cell volume. The methods 
used have been described previously (7, 10) . 

The concentration of H;C 03 in the cells was calculated by the use of the 
solubility coefficient of carbonic acid given by Van Slyke et al. (11) under the 
assumption that the CO; tension was the same per liter of water in cells and 
serum. The cell pH Avas computed by means of the Henderson-Hasselbalch 
equation vith the pKJ value of 6.04, as determined by Dill for human 
oxygenated blood (12). The anion equivalency of the hemoglobin at 
various pH values was calculated according to the equation 


dBHb 

rfpH 


= 0.88 


expressing the buffering power of oxyhemoglobin which is based on the 
data of Adair (13) and Maizels and Paterson (14) under the assump- 
tion of an isoionic point of G.65 at 38°. While the precision of the 
value of the isoionic point is in doubt, the change Avith pH in the range en- 
countered appeals aa'cII established. 


Results 

In Table I are listed the individual data on the composition of the semm 
and the AA'hole blood of seven subjects before, during, and after overbreatll- 
ing. Included is a control series of observations on one of the subjects 
from AA'hom five samples of blood AA'ere obtained at rest after interA'als of 
time similar to those of experimental conditions. 

In Table II are presented the mean values and their standard errors for 
the samples taken before and during the periods of hyperventilation. Since 
the values for the tAA'o samples of blood, draAAn after 3 and 6 minutes of 
hyperventilation, respectively, did not differ significantly, except for the 
pH and the CO; tension, they AA-ere combined for the calculation of the 
mean values. In Table II are also given the average calculated Amines 
for the pH and the ionic equivalenc}’’ of the hemoglobin in the cells. Mean 
A'alues for the hemoglobin concentration in the Avhole blood and for the 
A’olume of packed cells are not giA'en, since these indices differed more 
among the subjects than they varied during the experiment for anj”^ 
given individual. 

In the first tAVO roAA's of Table III are tabulated the means of the indi- 
vidual differences, betAveen the control values on the one hand and the 
hypei’A’cntilation samples on the other, and the estimates of the statistical 
significahee of these differences. In the loAA'er tAvo roAvs arc listed the 
similarly calculated differences betAA'een the control samples and those taken 
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3 minutes after cessation of the overbreathing. In Table III are included 
the data on the changes of the volume of packed cells and of the cellular 
concentration of hemoglobin. 

The data in Tables I to HI may be briefly summarized as follows: 

.Scram Changes — ^The pH of the serum, averaging 7.47 in the control 
periods, rose to a mean value of 7.68 after 2 to 3 minutes of overbreathing 
and reached a value of 7.73 after periods of 5 to 6 minutes. It quickly fell 
to a value of 7.59 6 minutes after overbreathing was stopped. The pH 
value for the control samples appears somewhat high, probably reflecting 
apprehension and involuntaiy overbreathing of the e-vperimental subjects. 

The COj content, averaging 26.3 milliequivalents per liter for the control 
samples, fell to a value of 20.5 milliequivalents per liter after 3 minutes of 
overbreathing, to remain unchanged after the longer periods. After 3 
minutes recovery the values were stUl lower by about 1.5 milliequivalents 
per liter than at the outset. The bicarbonate concentration, 25.2 mil- 
liequivalents per liter in the beginning, fell to 19.9 milliequivalents per liter 
during hyperventilation. 

The CO. tension, 36.4 mm. of Hg in the control samples, fell to 16.8 mm. 
after 3, and to 15.0 mm. after 0 minutes of overbreathing. It rose slowly 
during recoverj", the values 3 minutes after stopping of the overbreathing 
being 10 nun. of Hg below the control les'el. The CO. temsion in the con- 
trol samples is somewhat lower than accepted normal values, a finding that, 
like the pH values, may reflect a certain degree of involuntary overbreath- 
ing of the subjects. 

The serum chloride concentration, 106.3 milliequivalents per liter in the 
control samples, rose during the period of overbreathing to a value of 
109.2, to return rapidly to the control values during recovers-. 

The serum sodium concentration, 137.5 milliequivalents per liter at the 
outset, feu to a value of 134.2 milliequivalents per liter during the period of 
hypers-entUation and returned promptly to normal after cessation of the 
overbreathing. 

The potassium concentration, averaging 4.3 miUiequivalents per liter at 
the start, rose to 4.8 mUliequivalents per liter during hyperventilation. It 
decreased promptly to the control level during recover.-. This increase 
may possibly be due to a release of adrenalin, svhich is knosvn (15) to cause a 
transient increase in the arterial potassium concentration. 

The calcium concentration, not listed in Tables I to lU, did not change 
significantly during the experiments from a value of 10.4 mg. per 100 cc., 
whether or not there were sj-mptoms of tetany. This result is in keeping 
with prior reports (1). 

The inorganic P fell in each experiment after 3 minutes of hyperventila- 
tion and decreased further after 6 minutes. It stayed at low levels 3 and 
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6 minutes after the overbreathing stopped. Such a fall of the morganic P 
concentration ivas first described by Da\'ies el al. (1). It is a matter of 
conjecture whether this change represents an effect of alkalosis per se or 
whether it is associated with changes in the carbohydrate metabolism, 
perhaps in response to the release of adrenalin. The continued fall in the 
concentration bej’ond the period of hj'per\-entilation would favor the latter 
hypothesis. 

Ionic Equilibrium in Red Cells — The cell pH, 7.17, in the control samples, 
increased to 7.34 during hyperventilation. 

The COi content of the cells decreased from 13.5 to 8.6 rmlliequivalents 
per liter during hypen’entilation, while the bicarbonate fell from 12.6 to 
8.2 mUliequivalents per liter. During recovery the increases followed a 
pattern similar to that observed in serum. 

The cell chloride, 52.0 milliequivalents j)er liter in the beginning, dimin- 
ished to 45.0 during overbreathing, returning rapidly to normal with its 
cessation. 

The hemoglobin concentration in the cells during hyperventilation in- 
creased slightly, from about 33 gm. to 34 gm. per 100 cc. This change 
corresponded in avtent to the decrease in the volume of the packed cells. 
The ionic equivalency' of the hemoglobin in the cells increased with the rise 
of the cell pH by 10.1 milliequivalents per liter. 

Changes in Whole Blood — ^The COj content of the whole blood decreased 
by about 5.5 milliequivalents per liter during hy'per\'entilation. 

The chloride remained almost unchanged during the e-vperiments. This 
may' indicate that no important movement of this ion occurred to and from 
the blood stream. A decrease of 0.7 milliequivalent per liter during hy- 
perv'entilation, statistically barely significant, may reflect diffusion to a 
small e.xtent of the chloride from the plasma into the e.\tracellular fluid. 

The volume of packed cells decreased with regularity' during over- 
breathing, the change averaging 0.7 per cent. It returned quickly to 
control values diuing recovery. 

The hemoglobin concentration in the whole blood remained unchanged 
during the experiments. This circumstance, in conjunction rvith the 
decrease in the volume of the cells, means an increase in its cellular 
concentration. 

In Table IV is presented a balance of the changes in the ionic composi- 
tion of serum and cells, based on the data in Tables I to III. It can be seen 
that in the serum the concentrations of both the anions and cations de- 
creased, their changes balancing each other closely, so that a reduction in 
the total electrolyte concentration resulted. It is noteworthy that the fall 
in the bicarbonate content was in part accoimted for by an increase in the 
chloride and in part by a decrease in the sodium ions. Tlie omission of lac- 
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tate, which had not been determined, does not appear to have introduced 
an appreciable error, probably owing to the shortness of the periods of over- 
breathing and to the fact that the analyses were performed on arterial 
blood. The changes in the serum are in keeping with the predictions of 
the Donnan theory, according to which they are explained on the basis of a 
shift of water from the cells to the serum. 

T.^ble IV 

Changes in Ionic Balance of Scrum and Cells during Hyperventilation 


The ditferences are given in milliequivalents per liter. 



Serum 

CelU 

HCOj' 

-5.3 

-4.4 

Cl' 

-t-2.0 

-7.0 

P04' -1- PO/ 

-0.4 


Organic phosphate* 


-f-1.7 

Proteint 

-to. 7 

-1-10.1 

Net change of anions 

-2.1 

-fO.4 

Na' 

-3.3 


K* 

-fO.5 


Net change of cations 

-2.8 

+2. Of 


* The change in the ionic equivalency of the organic acid-soluble phosphates was 
calculated on the basis of an assumed concentration of 50 mg. per 100 cc. of cells. 
This would correspond to a value of 35 milliequivalents per liter for the ionic equiva- 
lency of the organic phosphates in the control samples. During hyperventilation 
the ionic equivalency would increase by about 1.7 per cent, owing to the decreased 
water content of the cells, and by a further 3 per cent, owing to the increase in the 
cellular pH. 

t The change in the serum protein equivalency was calculated on the assumption 
of a serum concentration of 7 gm. per 100 cc. by the formula of Van Slyke ct al. (16), 
on the basis of a dilution of the serum compartment of the blood by 1.8 per cent. 

t The change in cations was calculated on the assumption of a decrease in the cell 
water by 1.8 per cent and of the non-diffusibilitj- of the intracellular cations. 

In the cells a decrease in the diffusible ions, chloride and bicarbonate, was 
closely balanced by an increase in the non-diffusible ions, primarily hemo- 
globin, while the change in the organic phosphates, estimated on the basis 
of customarily observed normal values, accounted for a small proportion 
only. The value listed in Table IV for the change in the cellular concentra- 
tion of the cations is based on the assumption that the decreased electrolyte 
concentration in the serum was due to a transfer of water from the cells. 
Therefore, a corresponding increase in the cellular concentration of the 
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cations ivas assumed. The changes in cellular cations and anions do not 
balance each other as evenl}' as they do in the serum; however, it is doubtful 
that the apparentlj’ greater change in the cations than in the anions is of 
significance, in i-iew of the numerous sources of error involved in the deter- 
minaticns and assumptions. Perhaps changes in other cellular anions, 
such as glutathione, ubich have not been taken into account, may in part 
even the two sides of the ledger of the ionic balance. 

In Table V the assumption of a water shift between cells and senun, which 
has been adduced in e.xplanation of the changes in the ionic structure, is 
subjected to a quantitative comparison with the corollaries of the Donnan 
theorj’. In the first two rows the changes in water content of the serum 
calculated on the basis of the obser%’ed changes in the concentration of the 
cations are eompared with the theoretical water shifts calculated according 
to the formulation of the Dorman theory presented by Van Slyke, Wu, and 
McLean (6). The details of the calculations and premises mv’olved in the 
calculation of the theoretical values are presented in the foot-note to Table 
V. Another independent test of the theorj’, provided by the comparison 
of the observed with the calculated mean change in the volume of packed 
cells, is listed in the next two rows. A third independent test is afforded 
by the comparison between the observed and the calculated changes in the 
cellular hemoglobin concentration. Considering the uncertainties and 
errors involved in the calculations and determinations, the agreement 
between theory and obsen'ation can be considered satisfactorj". 

In Table tT are tabulated the observed distribution ratios for the diffus- 
ible ions, and theoretical ratios calculated from the non-diffusible ions by 
means of Equation 10 of Van Slyke el al. (6) on the basis of the premises and 
estimates adopted for the preceding calculations. Two sets of values are 
listed for the theoretical ratios, one based only on the consideration of hemo- 
globin and the organic phosphates, and the other including an estimate of 
the effect of glutathione. It can be seen 'that the observed ratios before and 
during hypen’entilation were about the .same for chloride and for the bicar- 
bonate, uncorrected for carbamate, while the hydrogen ion ratios were 
considerably lower. Correction of the bicarbonate ratio for carbamate in 
the cells brings its value to a point midway between the chloride and the 
hydrogen ratios. The theoretical ratio derived from the non-diffusible 
ions, particularly when glutathione was considered, approximated in its 
value the chloride ratio. The changes of all ionic ratios during hj'peiv’enti- 
lation were in close agreement. 

It is of interest to compare the.se results with those of Dili el al. (8), which 
were based on in vitro equilibration of human venous blood. Agreement at 
both points of comparison, before and during hyjren’entilation, is very close 
for the distribution of chlorides and moderateh’ good for the hydrogen ions^ 
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Avhile the bicarbonate ratios here reported are lower by about 0.09 for the 
control and by about 0.08 for the h 5 'per\'entilation samples. This dis- 


Table V 

Changes in Water Distribution, Cell Volume, and Cellular Hemoglobin Concentration 

during Hyperventilation 


Change in water content of serum 

Calculated* 

fer cent 

-1.7 

“ “ total ionic concentration 

Observed 

-1.7 

“ “ volume of packed cells 

Calculatedt 

-0.8 

if ff if if ti it 

Observed 

-0.7 

” “ cellular hemoglobin concentration 

Calculated 

-f-1.7 

it it it it it 

Observed 

-b2.8 


* The theoretical changes in the water content of the serum were calculated by 
ineans of lOquafion 2.3 of Van Slyke, Wu, and McLean (6) in which the parentheses 


(IbO), 


(1I..O),. 


2(B). - (BP), 

^ 2(B)t - (BP), - (BP). + (P). 


denote units of suhstanee jier unit of whole blood and the subscripts, s, c, b, imlicale 
serum, cells, and whole blood, respectively. The following assumptions and substi- 
tutions were used in applying this equation: It was postulated that all factors except 
for (BP)e remained constant during hyperventilation. A numerical value of 0.84 
gm. per cc. was assigned to (HiO)!,, based on the assumed values of 0.72 gm. of w.ater 
per cc. of cells, and of 0.94 gm. per cc. of serum and on the observed mean value for 
the cell fraction of 0.444 cc. per cc. of whole blood. To (B)t was given the value of 
138 milliequivalents per liter, the mean normal observed in this laboratory. For 
(BP), the value of 9.5 was taken on the basis of the assumptions given in Table IV. 
(BP)c waS calculated as the sum of the ionic equivalencies of hemoglobin and of the 
cell organic phosphates. For the hemoglobin, the values for ionic equivalency given 
in Table II, multiplied by the relative volume of the packed cells, were taken. For the 
ionic equivalency of the organic phosphates a constant value of 14 milliequivalents 
per liter of blood was adopted, based on an assumed concentration of 60 mg. of organic 
acid-soluble P per 100 cc. of cells, and bn the determined titration curves of diphos- 
phoglyceric acid and adenosine triphosphate (7). For (P)c a value of 9, the sum of 
tile osmolar concentrations of hemoglobin, 5, and organic phosphates in whole blood, 
4, was taken. While the precision of the various assumptions and with it the absolute 
values of (HjO). are subject to considerable doubt, this is of small importance in 
assessing the effect of pH on the water shift between cells and serum, since the only 
variable of major importance is the ionic equivalency of hemoglobin. That the 
various assumptions are approximately correct is indicated by the fact that the abso- 
lute value of (11:0). calculated by the above formula is 0.53 gm. per cc. of whole 
blood, compared with the initially assumed value of 0.52 gm. per cc. 

t The changes in volume of packed cells were calculated by the above formula, 
with the hematocrit value of 44.4 per cent for the control samples. 


crepancj' is not easily explained by the differences in experimental ar- 
rangement. 
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Airong the “obsen'ed” ratios, the value for the chloride generallj' appears 
the most reliable, since no assumptions or auxiliarj' data are required for its 
determination. The variability of pKJ with changing pH, oxygenation, 
and perhaps other factors affects considerably the precision of both the hy- 
drogen and bicarbonate ratios. Further uncertaintj' is introduced in the 
case of the latter by correction for the cellular carbamate, while the possibil- 
ity of other forms of bound CO* cannot be ruled out entirel}'. Therefore, it 


T\Bi.r VI 

Observed Otslnbulion Ratios of Diffusible Ions and Theoretical Ratios Calculated from 
Xon-Diffusible Ions, before and during H yperrentilation 


! 

1 

ObiCTPcd r&ttos 

Theoretical ratios* 

tut. 

[HI. 


1 

|HCO,l, 

Uncor- 
reeled for 
GSH 

Corrected 

for 

csh: 

Control 

Hjpcrvontilation 

0 51 

0 43 


1 0 65 
j 0 56 

0 56 
0.4S 

0 69 

0 62 

0 66 

0 58 

Change 

-0 08 

1 1 

1-0 08 1 

-0 09 

-0 CS 

-0 07 

;-0 OS 


• Tlip tliporetical ratio was calculated according to Hqunlion 10 of Van Sljtc, 
Wii. and Mclxi.in (0) in which r denotes the calculated distribution ratio, and the 


IBP]. + IPJ - [BPl . 

" 2([B1. - IBP],) 

brackets indicate concentrations per kilo of water The following substitutions 
and assumptions were made The water content of serum during the control periods 
was assumed to be 0 94 gm per cc , and 1 7 per cent more, 0 955 gm per cc , during 
hjpencntilation The respective values for the water content of the blood cells 
were assumed to be 0 720 and 0 70S gm per cc The bracketed expressions were 
calculated by means of these values on the basis of the same data and assumptions 
discussed in the foot note to Table V 

t Corrected for 14 per cent carbamate (17) 

t In this calculation the presence of glutathione in the erythrocj-tes was taken 
into account Its concentration was assumed to be 5 mil per kilo of cell water (IS, 
19), and its ionic equivalencv 1 1 milliequivalents of XaOII per mu 

would appear that the close correspondence found between the theoretical 
distribution coefficient and the chloride ratio is of particular significance. 
Dill and his cow orkers (8) also found the closest agreement between these 
tw o ratios. This is of further interest, since they derived their value for the 
non-diffusible ions on the basis of the titration of total cellular contents of 
human eiythrocytes, rather than on the basis of values for individual com- 
pounds in a synthetic manner, as reported here. Each of the tw o methods 
has its drawbacks; while the determination of the total buffering power of 
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erythrocytes is independent of any particular knowledge or assumption witii 
regard to the chemical constituents involved, the technique involved does 
not entirely prevent enzymatic breakdown of organic phosphates. The 
agreement of the theoretical distribution coefficients based on these two 
different sets of data would appear to indicate that the errors of either tech- 
nique are not of major importance. 

In this connection the work of Maizels and his coworkers, w'ho investi- 
gated the importance of the non-diffusible anions other than hemoglobin in 
the base-binding property of erj'throcytes in normal and anemic human 
subjects, is pertinent (14, 19). Their estimates of the ionic equivalencies 
for hemoglobin, organic phosphates, and glutathione are in close agreement 
with those presented here. However, the 3 ' eame to the conclusion that part 
of the organic phosphate must be in non-ionized form, since the sum of the 
anions appeared to exceed that of the cations in the erj'throcytes. This 
conclusion hinges on the value for total cell base, 110 milliequivalents per 
liter of cells, adopted by them. From this value one would calculate a con- 
centration of 152 milliequivalents of base per kilo of cell W'ater, on the basis 
of an estimate of 720 gm. of w'ater per liter of cells. This is low'er by about 
10 milliequivalents than the corresponding value of base in serum w'ater. 
Such a finding is contrary to the postulates of the Donnan theory as w'ell as 
to the findings of Maizels himself (20) and others. In our laboratory a total 
base concentration of 120 milliequivalents per liter of erythroc 3 'tes has been 
found consistently, corresponding to a value of 168 milliequivalents per kilo 
of cell water. If this value, W'hich is in agreement with the Donnan theor 3 ', 
is applied to the data of Maizels and correction is made for carbamate, the 
quota of avadable cations is increased sufficientl 3 ' to permit the assumption 
of full ionization of the organic phosphates in the cells in their experiments. 
The reason for the discrepancies in the values of the cell total base lies un- 
doubtedly in differences in the analytical methods emplo 3 'ed, a critical 
discussion of which w'ould lead too far afield in this paper. 

It is of interest to compare the changes in the electrob'te structure of the 
blood in hyperventilation with those found in dogs with p 3 'loric obstraction. 
In the present expeiiments among the non-diffusible cellular anions changes 
in the equivalency of hemoglobin predominated, while in pyloric obstruction 
the increase in the diphosphoglyceric acid was of much greater importance. 
In the tw'o conditions, the diffusible anions also are shifted in opposite direc- 
tions. The agreement with the Donnan theoiy in both experimental states, 
characterized by \videly differing electrob'te patterns, supports strongly the 
general applicabil!t 3 ' of the Donnan theoiy for the blood. 

DISCUSSION 

Recognition of differences in the pattern of change betw'een arteries, 
capillaries, and veins ma 3 ' furnish the explanation of the discrepancies in 
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the literature concerning the rate of change and ectent of elevation of serum 
pH during hyperventilation . The estimates of pH reported by Da\'ies el al. 
(1) on the basis of analj’ses of alveolar air are in the same range as the 
directly determined values on arterial blood reported here and similar to 
those reported by Nims el al. (5). Analyses of venous blood have given the 
lowest estimates (2, 5) while intermediate values of pH have been reported 
on capillaiy blood (4). So far as the rate of change is concerned, if linearity 
is assumed, the pH in the present experiments increased by 0.06 to 0.09, 
average 0.07, emit per minute during the first 3 minutes of hj’pen-entilation, 
and changed much more slowly thereafter at a rate of less than 0.02 unit per 
minute. Even faster initial rates were reported by Nims el al. (5). This 
initial rate is about double that recorded by Shock and Hastings (4) for 
capillarj’ blood. According to Nims el al. (5) and unpublished experiments 
in this laboratorj", the. changes in jugular venous blood proceed at rates 
vatj-ing from 0.02 to 0.05 imit per minute. Such diversitj' in pattern may 
be reasonablj' explained on the basis of differences between the several parts 
of the vascular sx’stem in their relation to the lungs and the tissues. The 
most rapid displacement of pH would be e-xpected in arterial blood, which is 
in equilibrium with the alveolar air, and is carried in thick walled vessels, 
which permit diffusion and excliange with the body tissues to a minor degree 
only. The slowest change in the ionic balance of the blood would occur 
in the venous blood floning from the tissues. This change would reflect 
variations in the total buffering capacity of the tissues. Intermediary rates 
of shift might be expected in capillarj' blood. 

The relative impermeability of the wall of the arteries to movements of 
water and electrolj'tes may also be adduced in explanation of the close 
agreement between the in vivo changes reported here and postulates of the 
Donnan theory which are predicated on the premise of constancy' of compo- 
sition of the blood. This premise would appear to be supported by the find- 
ing of imchanged concentrations of chloride and hemoglobin in the whole 
blood. As a consequence it would follow that the electrolrte shifts ob- 
sen'ed in arterial plasma are not representative of similar changes in the 
extracellular fluid. This concept is made even more plausible if one e.x- 
amines the opposite assumption ; namely, that the changes in arterial plasma 
are paralleled by similar variations in the extracellular fluid. If such were 
the case, the increase in chloride and decrease in sodium would not be con- 
fined to plasma alone, but would occur in 30 per cent of the body fluid. 
Then two problems would arise: what is the origin of the chloride incre- 
ment and what is the destination of the disappearing sodium? The as- 
sumption of a general shift of water between the intra- and extracellular 
phases of the body fluid would serx'e to explain the decrease in the sodium 
content, but would emphasize the discrepancy with respect to the chloride, 
and would require the additional assumption of the existence of tissue chlo- 
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ride stores, Avhich would be mobilized durmg hyperventilation. With 
respect to the supposition of a water shift from tissues to extracellular fluid, 
the data available at present (21) suggest that the cellular fluid of muscle 
increases in volume dui-ing periods of prolonged hypen’^entilation, in 
contrast to the findings in blood. 

It would appear from the observations of others, as well as ours, that 
tetany, the most frequentlj' described S3'mptom, usually makes its appear- 
ance after prolonged periods of hj'perv’^entilation, although it may occur 
occasionally as soon as 1.5 minutes after overbreathing begins. On the 
other hand the changes in the electroencephalogram usually begin at once 
and progress to a maximum ■\rithin 1.5 to 2.5 minutes of hyperventilation. 
The type and degree of deviation of the electroencephalogram are greatly 
influenced by the blood sugar level (9), which does not change in a uniform 
manner during hyperventilation. It would appear, therefore, that the only 
consistent change in the electrolyte structure of arterial blood associated 
mth the effect of overbreathing on the electroencephalogram is the rapid 
decrease in the CO 2 tension associated mth an increase in pH. 

SUMJtA,RY 

The effects of voluntary hyperventilation for periods of 2 to 3 and of 5 to 6 
minutes on the electrolyte structure of arterial blood were studied on seven 
subjects. 

1. In the serum the CO 2 tension decreased to a mean value of 15.8 mm. of 
Hg, while the serum pH rose to 7.71. The CO 2 content decreased from 26.3 
to 20.5 milliequivalents per liter. The chloride rose from 106.3 to 109.2 
milliequivalents, while the sodium decreased from 137.5 to 134.2 milli- 
equivalents per liter. The calcium content did not change, while the potas- 
sium increased from 4.3 to 4.8 milliequivalents per liter and the inorganic P 
fell by 0.6 mg. per 100 cc. 

2. In the red blood cells, the chloride decreased from 52.0 to 45.0 milli- 
equivalents per liter and the total CO 2 from 13.5 to 8.6 milliequivalents per 
liter, while the calculated ionic equivalencj'’ of hemoglobin increased by 
10.1 milliequivalents per liter. The cellular hemoglobin concentration 
increased by 2.8 per cent. 

3. In the whole blood the CO 2 content decreased by about 5.5 milliequiva- 
lents per liter, while the chloride concentration changed little. The 
volume of packed cells decreased from 44.4 to 43.7 per cent. 

4. The changes in the ionic distribution in serum and cells balanced each 
other closely. The data indicate that the electrolyte content of seium 
decreased bv about 1.7 per cent during hyperventilation, a finding explicable 
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according to the Donnan theorj’ by a shift of water from the red cells into 
the serum. 

5. An e-xamination of the data in the light of the Donnan theory indicates 
close agreement between calculated and observed water and electrolyte 
shifts, and in the ionic distribution ratios. 

The authors wish to express their appreciation to Mrs. E. W. Broun 
for the statistical analysis of the data and to Mrs. Robert Schutte, Miss 
Ann Hobson, and Miss M. Wing for technical assistance. 
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NOTES ON THE DETERMINATION AND DISTRIBUTION OF 
SODIUM AND POTASSIUM IN CELLS AND SERUM OF 
NORMAL HUjMAN BLOOD* 

Bt PAULIXE M. HALD 

{From Ihe Chemical Laboratories of the Department of Internal iledicine, Yale 
Vnirersity School of Medicine, Sew Haven) 

(Received for publication, Febniarj’ 12, 1&46) 

The distribution of bases between cells and serum of normal human 
blood has been studied by this laboratory over a long period of time (1,2). 
Since the accuracy of the results is dependent upon the precision of the 
methods employed, extensive investigation of the methods for determining 
sodium and potassium has been included (3, 4). Since the last two publi- 
cations, Consolazio and Dill (5) have reported that our method for the 
analysis of serum yields low values for sodium. Dining an exhaustive 
investigation we have been unable to verify this. However, it was dis- 
covered that in the determination of whole blood potassium a systematic 
loss had occurred in all of our preidous work. A review of this investigation 
is here presented with the new values for the distribution of base between 
blood cells and serum obtained with the improved potassium technique. 

Sodium Method 

Consolazio and Dill reported that even in inorganic salt mixtures sodium 
is occluded in the neutral ferric phosphate precipitate. This trapped so- 
dium they appeared to recover from the precipitate. Furthermore, they 
failed to recover added phosphate after dry ashing and concluded that 
all but 1 to 7 per cent of phosphate was lost- by volatilization in the process 
of ashing. 

By the use of radioactive sodium it has been possible to examine this 
problem by a procedure that is entirely independent of any possible errors 
that may reside in the chemical techniques. The radioactive sodium salts 
were prepared in the cyclotron of the Department of Physics, Yale Uni- 
versity.* Samples of this salt were subjected to the usual procedure for 
ashing serum. Phosphate and iron sulfate were added in the appropriate 
concentrations. The resulting neutral ferric phosphate precipitates were 
exposed to a Geiger-Muller counter. The results of these analy.ses appear 

* Aided by a grant from the Fluid Research Fund of Vale Fniversity School of 
Medicine. 

* The author wishes to express her appreciation of the aid given by Dr. R. F. Hum- 
phreys and Dr. E. C. Pollard of the Department of Physics, who were responsible for 
the preparation of the radioactive samples, and to Dr. Alexander tV. tVinkler and 
Dr. Paul K. Smith, who performed the counts of radioactixity. 
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in Table I. The quantity of sodium found in the precipitate did not exceed 
0.5 to 1.2 per cent of the total amount in the original solution. There are 
no significant differences that can be related to the composition of the 
vessels in which ashing was carried out. 

In order to recover the sodium “trapped” in the neutral iron phosphate 
precipitate, Consolazio and Dill (5) treated it by washing, dissolving in 
acid, and subsequently alkalizing with ammonia. Apparently it was 
assumed that phosphate was removed by this treatment. We have been 
unable to remove phosphorus by this procedure. Stadie and Ross (C) 
and Wright and Allison (7) recommend that in order to remove phosphate 
the iron salt must be added after the pH has been carefully adjusted to the 
neutral point. Subsequent addition of ammonia precipitates iron phos- 
phate; further addition removes the remaining hydroxide. WTien an acid 
solution which contains phosphoras and iron is made alkaline with am- 

Table I 

Recovery of Radioactive Na‘‘*from Neutral Ferric Phosphate Precipitate Obtained after 
Ashing Radioactive Sodium Chloride in Presence of Phosphate 
and Iron and H’SOt 


Resulls are expressed in per cent of count of original sample. 


Experiment No. 

Ashed in platinum | 

Aslicd in porcelain 

Ashed in Vycor 

I 


0.5* 


II 

1.2* 

1.1* 

0.9* 

III 

0.8 


1.0 


0,5 

1 

0.9 


* The count, which was made on a solution of pooled precipitates, is expressed as 
the average count per single precipitate. 


monia, the phosphate and iron are not completely removed. Wlien the 
supernatant fluid from a solution which has been so treated is ashed, the 
yellow color of iron phosphate can be seen when the hot ash is removed from 
the muffle furnace. Upon cooling, the salt again appears white. There- 
fore, the presence of the iron phosphate easily escapes detection. The 
removal of phosphate by alkalizing an acid solution containing both 
iron and phosphoiMS is not feasible. It was, we believe, not occluded so- 
dium, but residual phosphate which Consolazio and Dill recovered from the 
ferric phosphate precipitates. 

It has been demonstrated that in the ashing process little or no phos- 
phorus is lost. From inorganic solutions recoveries were complete, from 
serum more than 90 per cent. The low recoveries, G to 50 per cent re- 
ported by Consolazio and Dill (5), may not have been, as they suggested, 
evidence that most of the phosphate had been volatilized, but only the 
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failure to hydrolyze to the orthophosphate the phosphorus "sv-hich had been 
converted to metaphosphate in the ashing process. 

.\s the result of this renewed investigation we have found no basis for 
doubting the accuracy of the method used bj' us for the measurement of 
sodium in serum of whole blood. Occluded sodium in the ferric phosphate 
precipitate, as demonstrated by the radioactive salt, does not e.\ceed 1 per 
cent, which is within the error of the method. 


Table II 


I/OS* of Polastiutn by Occlmion in Aah Xol Extracted trith Acid 


Espernr-cnt Xo. 


Iron oxide ppl. rcRjovcd by 
centrifajfing 

Ppt. extracted with HCl 

Ashed in 

Aihed is 

PorceUm j Platinum 

Porcelain j PlalinuSJ 


K occluded 


K recovered from whole blood 



1 


m.e?. 

n.tj. 

n.eq. 

1 

36.4 

37.6 

47.0* 


9.4 

2 


35.6 


42.0 

7.4 

3 


33.8 


40.0 

6.2 

4 


22.2 

28.2 

27.0 

4.8 

S 

29.6 i 


41.0 


11.4 

6 


40.8 


50.6. 

9.8 

7 ! 

1 

1 


43.5 

44.5 



K recovered from known solution, 43.0 m.eq. 


8 


1 36.8 


44.0 

7.2 

9 

1 

1 42.5 


42.0 

0.5 

10 

42.8 1 

1 

43.7 


0.9 


* Wet ashed in glass. 


Potassium Method 

There is, therefore, no evidence that sodium is occluded in the iron 
phosphate precipitated in the analysis of either serum or whole blood by the 
dry ashing technique. On the other hand, it has been found that as much 
as 15 to 20 per cent of the potassium from whole blood ma}' be carried doun 
in this precipitate. This loss does not depend upon the composition of the 
vessels in which the process of ashing is conducted. 

This loss was not detected 'earlier for two reasons. (1) In repeated 
analyses of known inorganic solutions of the approximate composition of 
whole blood, potassium had been recovered completely. In Table II it 
may be seen that recovery was satisfactory’ in two out of three analyses of 
such solutions. (2) Measurements of potassium by the present method 






Table III 

Conceniralions of Sodium and Potassium in Serum and Cells 


432 


DETERMINATION OF SODIUM AND POTASSIUM 


Distribution 

(t) 

(2) 

1.068 

1.080 

1.060 

1.088 

1.060 

1.062 

1.072 

1.055 

1.068 

1.088 

1.055 

0.944 

1.055 

0.822 

Water of 
serum 
(2) 

m eq per 1 

148.2 

150.2 
152.5 

152.0 

151.8 

149.2 

154.1 

154.9 

151.6 

154.9 

148.2 

149.0 
152.5 

142.0 

Na + m 
cells 
(1) 

ffl eg per 1 

158.3 
162.2 
161.7 

165.6 

161.0 

159.0 

165.2 

163.4 

162.0 

165.6 

158.3 

139.6 
156.1 

124.7 

Potassium 

Cells 

OSOCi 00505050 

95.1 

100.0 

91.8 

00 

ci ^ 

00 0 w 

Scrum 

2~ O— It^ O.-IM'-IOO 

^ W 

10 eo 

CO U3 

0 eo 

Blood 

m eq 
per 1 

45.1 
48.8 
48.4 

44.0 

47.7 

40.3 

42.3 

42.2 

44.8 

48.8 
40.3 


Sodium 

Cells 

g"-* t^r^oo eocoeccoe- 

21.2 

25.3 

15.7 

16.8 

27.1 

10.0 

Serum 

m eg 
per 1 

134.8 

135.8 
137.7 

136.6 

136.0 
134.2 

141.0 

140.6 

137.1 
141.0 

134.2 

135.1 

139.2 
129.1 

Blood 

5-^ lOCOOt 

6^ c ^050 «dc<io’^’o 

OOt^OO 00 00 05 C5C5 

85.4 

91.0 

79.3 

Previous series, 1937 

Average 

Maximum . 

Minimum . 

Water 

Serum 

per eenl 

93.5 

93.6 

93.4 

93.2 

93.2 

93.7 

93.5 

93.3 

Average 

Maximum 

Minimum . 

Cells 

per cent 

71 4 

71.0 
71 0 

70.7 

73.7 

72.7 

72.1 
70 8 

Volume 

Serum 

per cent 

56.1 

52.1 

50.0 

55.0 
51.8 

Cells 

per cent 

43.9 

47.9 

50.0 

45.0 

48.2 

40.3 
42.5 

40.0 

Dates 

1942 

Nov. 13 
“ 10 
“ 18 

1943 

Aug. 11 
Sept. 26 
Nov. 26 
“ 27 

Subject 

P. H. 
J.H. 

A. T. 

M. T. 

S. 

J. 

M 

K 
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agreed with measurements obtained by a wet ashing procedure in which 
phosphate was removed by the technique of Stadie and Ross (6). This is 
no doubt due to the fact that the two methods are subject to the same 
error. 

During the digestion with H^SOi and HNOj a precipitate appears which 
can be dissolved only with great difficulty. This precipitate, a phosphate 
of iron, is removed with the phosphate and iron precipitated by the sub- 
sequent addition of ammonia. To dissolve ft a high concentration of acid 
is required. When the solution is subsequently neutralized with ammonia, 
a large quantity of iron phosphate is not precipitated, but remains in the 
supernatant fluid. When a portion of the latter is added to uranyl-zinc 
acetate solution, it jdelds falsely high values for sodium. Since it has been 
found that no sodium was occluded in this ferric phosphate precipitate and 
since duplicate analyses for potassium repeatedly agreed, it was assumed 
that the precipitate could be safely disregarded. It bas, however, been 
discovered that the precipitate does occlude potassium. 

In order to recover this occluded fraction of potassium the iron salt must 
be converted to the chloride. This is accomplished bj* adding to the ash 10 
drops of concentrated HCl for each cc. of blood represented by the ash. 
The solution is then evaporated to dryness on the steam bath. The residue 
is extracted nith water. Consolazio, in unpublished studies, has recom- 
mended a similar procedure for the recovery of potassium from ceUs. 

Concenlralions of Polassium and Sodium in Cells and Serum of Whole 
Blood Measured by Revised Methods — In Table III are tabulated the con- 
centrations of sodium and potassium per kilo of water found in a series of 
eight normal subjects. The values obtained for sodium in both serum and 
cells and for potassium in serum do not differ significantly from those found 
in the 1937 series (2). The slightly higher average for serum sodimn in the 
present series may be ascribed to the inclusion in the previous series of two 
persons with peculiarly low sodium and in the present series of two persons 
nith peculiarly high sodium. If these determinatioas are omitted, the 
averages of the two series are identical. The increased value for cell 
potassium (averaging about 13 per cent) is reflected in both the sum of 
sodium and potassium per kilo of cells and in the ratio of distribution of the 
sum of sodium and potassium per kilo of water between cells and serum. 
In each instance the values are higher and fall within much narrower 
limits. 


.suinwRY 

In a re^'iew of the dry ashing method pre^dously proposed for the 
measurement of sodium and potassium in whole blood and serum, it has 
been established that no sodium is removed by the precipitation of phos- 
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phate. On the other hand, in the analysis of Avhole blood or blood cells 
potassium is lost. To avoid this .source of error a modification of the 
procedure has been proposed. 

Values for the concentrations of sodium and potassium in the cells and 
serum of normal human blood are presented. 
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A SmiPLE METHOD OF PREPARATION OF COLLOIDAL FER- 
ROUS IRON FOR INTRA^rENOUS ADMINISTRATION* 

Uy p. f. hahx 

{From the Department of Biochemistry, Vanderbilt I'nirersity School of Medicine, 

Xashrille) 

(lleceived for publication, February 15, 1!H6) 

It is frequently desirable to administor iron by vein in either experi- 
mental studies or for therapeutic purposes. ''i\Tien given bj' this route the 
iron is retained by the bodj’ and, as has been pointed out, can be shotvn to 
be utilized completelj’’ by the body in the production of red cell hemoglobin 
in iron-depleted anemic dogs.^ lonizable forms of iron are very poorly 
tolerated tvhen given by vein. 

During the course of development of methods of electroplating iron for 
studies of its radioactive isotopes a simple means of obtaining a high degree 
of dispersal of a colloidal form was encountered which may prove of value 
to other investigators, especially those interested in parenteral therapy. 
Toxicological studies have been carried out to a very limited extent. 
Quantities of 30 to 50 mg. of iron have been administered bj- vein to dogs 
on numerous occasions isithout any gross clinical symptoms or untoward 
reactions, and it is quite possible that much larger doses may be given 
safely. 

Starting with a solution of ferric chloride, enough cevitamic acid is added 
to reduce the iron to the ferrous state (about 3 mg. of ceYdtamic acid to 
each mg. of iron present). This is then added to an equal volume of a G 
per cent solution of gelatin especially prepared for intravenous use.- 
Dilute (10 to 20 per cent) NaOH is added dropwise until color develops, at 
which point it has been found that the pH is in the range of 5 to 6. The 
resultant solution has a deep purple-bromi color to transmitted light and a 
greenish black sheen to reflected light. It is quite stable at room tem- 
peratures. When stored in a refrigerator, the material solidifies and may 
be made available for injection by heating gently. 

* This work was carried out under a grant from the Nutrition Foundation, Inc. 

^ Whipple, G. H., and Ilobscheit-Robbins, Am. J. Med, Sc., 191, 11 (1936). 

’We are indebted to Dr. D. Tourtellotte of the Charles Knox Gelatin Company, 
Camden, New Jersey, for the gelatin used in this work. 
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THE ASSAY OF ANI]\LAL TISSUES FOR RESPIRATORY 
ENZYMES 


IV. CELL STRUCTURE IK RELATION TO FATTY ACID OXLDATIOX* 

Br V. R. POTTER 

(From the McArdlc Memorial Laboratory, Medical School, Unirertity of Wisconsin, 

Madison) 

(Received for publication, February 8, 1946) 

The “homogenate technique” is at present nidelj" used for the study of 
enzymatic reactions in various tj-pes of biological material. In the original 
technique (1)^ an attempt was made to eliminate cell structure and to dis- 
perse intracellular constituents so widely that endogenous respiration was 
eliminated bj’ dilution, while particular phases of metabolism could be 
restored by the addition of appropriate substrates and cofactors. In 1942, 
Elliott and Libet (5) made an excellent study which led to the conclusion 
that “the effects of homogenization in the different media are mainl 3 ' due to 
the tendencj’’ of isotonic salts or sugars to prevent cell cji:olj'sis, while in 
hjpotonic medium cytolj-sis occurs.” They reported that isotonic prep- 
arations of brain cells compared favorably with brain slices for studies on 
brain metabolism, and they subsequently (6) carried out their studies with 
such preparations unfortified with coenzymes or with cj'tochrome. On the 
other hand, Schneider and Potter (7, 8) pursued the alternative which 
Elliott and Libet’s work suggested* and homogenized tissues in distilled 
water in order to make c 3 'tolysis as complete as possible. "We propose to 
refer to this type of preparation as a “water homogenate,” while that of 
Elliott et al. (6) may be referred to as an “isotonic homogenate.” On the 
basis of the C3'tochrome c content of liver and the amount of c 3 'toc,hrome 
required to saturate the succinoxidase system (9) an objective technique 
for estimating the degree of cytolysis was devised (7, 8). To date no other 
method of obtaining a quantitative measure of c 3 "tol 3 'sis has been found; 
microscopic examinations cannot give quantitative data and in fact can 
give ver 3 ' erroneous impressions. According to the succinoxidase test, 
water homogenates of rat liver contain about 5 per cent whole cells, while 
isotonic preparations contain 60 to 80 per cent whole cells. As might be 

* This work was aided by a grant from the Jonathan Bowman Fund for Cancer 
Research. 

■ It may be pointed out here that the device used by Potter and Eh-ebjem in 1936 
(1) was similar in principle to a tissue crusher described as earl 3 ' as 1922 (2) and subse- 
quently modi6ed for other purposes' (3, 4). The pestles may now be obtained from 
the Central Scientihc Company. f 
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expected, liomogenates prepared in m/ 30 phosphate buffer (9), ivhich is 
hypotonic, yielded a figure that is intermediate, about 30 per cent whole 
cells. In each case, the per cent of whole cells is of course modified by the 
tightness of the homogenizer and the duration of the homogenization. 

The importance of these considerations was recently emphasized when 
we attempted to devise an assay for fatty acid oxidation, following the 
demonstration of this reaction in homogenates (JO, 11). The fatty acid 
o.xidase activity was repoi-ted to be extremely sensitive both by Munoz and 
Leloir (10) and by Lehninger (11). Since many of the findings which they 
reported could be interpreted in terms of cytolysis, we carried out a number 
of experiments in which the fatty acid oxidase activity was correlated vith 
a “cytolysis quotient,” as determined by means of the succinoxidase test, 
in order to determine whether cell structure is necessary for fatty acid 
oxidation. 


EXPERIMENT.VL 

Isotonic homogenates were prepared in 0.85 per cent saline, while water 
homogenates were prepared in distilled water. Livers were removed from 
decapitated rats and cliilled on cracked ice. Homogenization was carried 
out in cold tubes and media in a cold room, with 9 volumes of media per 
weight of liver. The isotonic homogenates were centrifuged at 1500 p for 
10 minutes and the residue was resuspended in saline equal to one-half the 
original volume of the homogenate. The suspension was centrifuged down 
and washed twice more before suspending in one-half the original volume. 
The washed residue was thus equal to a 20 per cent homogenate on a'volume 
basis. The centrifuging was identical with the procedure used by Schneider 
to separate nuclei from cytoplasm in water homogenates (unpublished) 
and Avas carried out in order to eliminate the endogenous respiration 
(Lehninger (12)). In some cases, AA’ater homogenates Avere prepared and 
made isotonic by the addition of 0.5 volume of 2.55 per cent NaCl, about 
5 minutes after homogenization. 

Since Lehninger (11, 12) had reported activation by adenosine triphos- 
phate (ATP), AA'e set up reaction mixtures in flasks Avith no side arms and 
kept them in cracked ice until the liver preparations Avere added, accord- 
ing to our previous technique for the studj’' of oxidatiA’e phosphorylation 
(13), in AA’hich ATP AA’as in the reaction mixtine. 

The reaction components Avere A'aried, but certain additions A\'ere con- 
stant. These included 0.3 ml. of 0,1 m Na phosphate at pH 7.5 and 0.3 ml. 
of 0.1 M Na malonate at pH 7.5. Other additions included 0.85 per cent 
NaCl, 0.01 M Na octanoate, 0.013 m Na ATP, 4 X 10"^ m cytochrome c, 
0.1 M MgClj, liver preparation, and AA'ater to make 3.0 ml. The amounts 
added are shown in the tables. 
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The oxygen uptake was measured in standard 'VYarbrirg apparatus at 
37“. Equilibration was continued for 6 minutes and readings were taken 
at 5 minute intervals for 30 minutes. Center cups with 2 K NaOH and 
filter paper were used. 

The “cytolysis quotient” was mea.sured b 3 ' determining the succinoxidase 
acti\-itj' with and without added cvlochrome c. It is an indication of the 
per cent of cells wliich have been disturbed sufiicientlj' to lose their cyto- 
chrome c, and in order to be valid, the intact cells must contain sufficient 
cytochrome c to saturate the succinoxidase which thej' contain, and the 
cytochrome c of the broken cells must completely dissociate from the succin- 
oxidase sj'stem. These requirements seem to be met in liver (7-9, and 
this paper), although the second requirement does not seem to hold for 
skeletal and cardiac mascle (7, 8). The quotient equals* 

,, (succinoxidase with cj-tochrome) — (succinoxidase without cytochrome) 

lUU X • t » 

succinoxidase with cytochrome 

Results 

In preliminarj' tests for fattj’ acid oxidation with various amoimts of 
washed residue from Isotonic homogenates of rat liver, we observed vig- 
orous oxidation (100 microliters of O- per 10 minutes) of octanoate in the 
presence of ATP when 1.0 ml. of 20 per cent washed re.sidue was used, but 
no activity when 0.3 ml. of the preparation was used. There was thus a 
marked “dilution effect” (1). When the experiment was repeated with 
the NaCl content of the tissue suspension compensated, it was found that 
the dilution effect was due entirely to the variation in NaCl. When this 
was kept constant, the rate of octanoate oxidation was directlj’ propor- 
tional to the amount of liver preparation that was added (see Table I). 
The data also show that cidochrome c was without effect on the rate of 
octanoate oxidation, while .‘VTP was indispensable. The endogenous res- 
piration of the preparation was zero, and the amount of oxygen uptake, 
corrected for the equilibration period, was clo.se to 200 microliters. The 
data are thus in excellent agreement with those of lichninger (14), who 
reported that octanoate was oxidized quantitathTh' to acetoacetic acid 
(theoretical oxygen uptake, 201.6 microliters) under similar conditions. 

The effect of sodium chloride suggested similar data bj' Elliott el al. 
(5, 15) and raised the question of the role of tonicitj- in maintaining activ- 
ity. Experiments in which the amount of magnesium chloride and sodium 
chloride were varied (Table II) gave strong indications that hj-potonicity 
W’as detrimental to the oxidation of fatty acid. 

When liver was homogenized in water, the homogenate was completely 
unable to oxidize octanoate (10, 12). In order to determine further the role 
of cell structure in fatty acid oxidation, aliquots of rat liver were homo- 
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genized in water and in saline, with the water homogenate made isotonic 
\\ ithin 5 minutes after its preparation, by the addition of hypertonic saline. 
Aliquots of each homogenate were centrifuged and washed (see “Methods”) 
end made up to 0.5 volume. The degree of cytolysis in each of the four 
preparations was estimated by determining the “cytolysis quotient.” The 
fatly acid oxidation was measured in each of the washed preparations. The 

Tablc I 

Oxidation of Oclanoalc by Washed Isotonic Liver Homogenate 
Kiich complete flask contained 0.3 ml. of 0.1 m Na phosphate at pH 7.5, 0.3 ml. of 
0.1 M Na malonate, 0.2 ml. of 0.1 m MgCh, 0.2 ml. of 0.013 m Na adenosine triphos- 
phate, 0.1 ml. of 4 X 10"^ M cytochrome c, 0.3 ml. of 0.01 m Na octanoate, plus 20 per 
cent washed isotonic liver homogenate and saline (0.85 per cent NaCl) as indicated, 
with sufficient water to make 3.0 ml. 


Additions 

Average oxygen uptake per 5 min. 

Wa<ihed homogenate 1 

1 Saline 

Complete* 

Minus cytochrome 

ml. 

ml. 

microlitfrs 

! mtcrolilers 

0.3 

0.7 

17.5 

18.1 

O.G 

0.4 

35.5 

35.2 

1.0 


53.2 

54.0 


* When cither adenosine triphosphate or octanoate was omitted, no oxygen was 
taken up. In all flasks the oxygen uptake ceased rather abruptly when about 150 
microliters of Oj had been taken up. See the text. 


Table II 

Effect of Tonicity on Octanoate Oxidation 


Conditions as in Table I, except 0.3 ml. of washed 20 per cent isotonic liver homo- 
genate in all flasks, with NaCl and MgCl- varied. The amount of NaCl present in- 
cludes that in the homogenate. O.xygeii uptake per best 10 minutes. 


0.14 M NaCl per flask 

0.1 M MgCl: per flask 

0 ml. 

0.2 ml. 

0.4 ml. 

0.6 ml. 

ml. 

microliters Oi 

microliters 0: 

microliters Ot 

mtcrolilers Os 

0.3 

0 

12.5 

30. G 

40.0 

0.9 


35. C 



1.3 

G.2 

33.3 

1 

33.2 



results are shown in Table III. In the case of the washed water homoge- 
nate, no oxygen was taken up when octanoate was the substrate, and the 
cytolysis quotient was high, indicating almost complete cell disruption, at 
least to the extent that cytochrome c could diffuse away from succinoxidase. 
There was considerable loss in succinoxidase, due to the association of this 
enzjmie with particles too small to be completely sedimented under these 
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conditions. However, considerable .siiccinoxidase was in the form of par- 
ticles which could be sedimented; these particles did not include whole 
cells, on the basis of the “cytolysis quotient.” Furthermore, Schneider 
(unpublished data) has shown that cj'toplasmic fractions free from nuclear 
nucleic acid contain granules of succino.vidase Avhich can be sedimented 
under isotonic conditions. In the case of the isotonic homogenate, the 
“cytolysis quotient” indicated that about 75 per cent of the material was 
still intact enough to retain cj^ochrome c in association with succinoxidase, 
and in this preparation octanoate was \igorously oxidized. The data 
strongly suggest that octanoate was oxidized onlj’ bj' those cells which 

T.vble III 

Inability of Hypotonic Licer Homogenates to Oxidize Octanoate 


Succinoxidase measured with a preparation equivalent to 20 mg. of fresh liver, 
and octanoate oxidation measured with the equivalent of 100 mg. of fresh liver. 
Oxygen uptake per best 10 minutes. 


Prepantion 

Cytochrome 

Succinate 

oxidation 

Cylol>'sis 

quotient* 

Octanoate 

oxidatron 



rticrolUcTS 

per unt 

microUlers 

Wiole hypotonic homogenate 

-t- 

72.4 

1 



— 

3.0 



Washed residue from hypotonic 

-Z- 

28.8 

1 

0 

homogenate 

— 


06. 5 

0 

IMiole isotonic homogenate 

4* 

71.0 1 




— 

53. C 1 

24.4 


Washed residue from isotonic 

O- 



66.5 

homogenate 

— 

3.5.6 

25.8 

60.6 


* The “cytolysis quotient” is based upon the succinate oxidation with and with- 
out added cytochrome. Its significance is not altogether certain, but its objectivity 
is emphasized here bj' the fact that the succinate oxidation data in bold-face type are 
in nearly perfect agreement. 

were unruptured," since the granules obtained by washing the water homo- 
genates were completely inactive. 

The difficulties in assaying for fatty acid oxidation are thus apparent. 
Unless a cydolysis quotient is determined and the Qo, on fatty acid corrected 
back to 100 per cent whole cells, no quantitative data can be .secured. It 
is difficult to prove that such a correction would be valid. However, it i.s 
of interest to see how great the Qo-. on fatty acid is. even when uncorrected, 
since no such attempts have been made by prexious investigators. From 
the data in Table III, assuming a water content of 70 per cent in fresh 

’ The data do not, of course, eliminate the possibility that 100 per cent of the cells 
were whole but had lost enough cytochrome c to make the succinoxidase activity 75 
! maximum. 
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liver (IG), the imcorrected octanoate Qo, would be 13.3 in comparison with 
the succinate Qo. of 72.4. However, if this figure were corrected for the 
degree of cytolysis and the losses due to washing, the figure would be 13.3 
X 72.4 / 35.6, or 27.0, which is about one-third as large as the succinate 
Qo, and is 3 to 4 times as high as the Qo, of a liver slice with glucose (16). 
It must also be borne in mind that the observed rate is not necessarily the 
potential rate, since no activators other than ATP were added to the 
system. 

The data in Table III show that active octanoate oxidation did not 
occur in preparations wliich had been washed after hypotonic treatment, 
and the cytolysis quotients in these inactive preparations invariably 
indicated loss of cell structure. Furthermore, the data in Table II show 
that hypotonicity was detrimental, again suggesting the need for cell 
structure. But if the enzyme system per se were inhibited by hypotonicity, 
this data would not be conclusive, and if the system included soluble pro- 
teins, these would surely be washed away from the laked cells, while they 
W'ould probably' not escape from the whole cells. The use of unwashed 
water homogenates is complicated by the endogenous respiration, and 
also by the presence of calcium ions. Experiments in which washed iso- 
tonic homogenates were frozen and thawed showed that the cells were 
laked, on the basis of the cytolysis quotients, and concomitantly the 
ability to oxidize octanoate was* lost. However, this is not conclusive, 
since freezing might damage the octanoate system inasmuch as it has been 
shown to damage the oxidative phosphorylation previously studied (13). 

What appears to be um'mpeachable evidence was obtained by carefully 
washing aliquots of an isotonic homogenate, and then suspending one of the 
final residues in distilled water to lake the washed cells, while the other 
aliquot was suspended in saline as before. The laked cells were added to 
Warburg flasks containing enough sodium chloride to make the final 
reaction mixture optimum for both laked cells and whole cells. The laked 
preparations gave results which were nearly always inferior to the washed 
cells, both in rate and duration of oxygen uptake, and the data were not 
satisfactory until potassium ions were included in the final reaction mix- 
ture. This was done in order to compensate for losses which may have 
occurred during the washing in isotonic sodium chloride, to compensate 
for the decrease in K+ concentration due to dispersal of cell contents upon 
lysis (17), and because Lehninger’s reaction mixture (12) had included K'*' 
ions. Data from a single experiment are given in Table IV to show the 
effect of both K+ and cytochrome c in both whole cell and laked cell prep- 
arations which have been washed, with cytolysis quotients determined 
on the basis of the succinoxidase system. This experiment has been 
repeated a number of times in this exact pattern, with the same excellent 
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agreement between the rates of octanoate oxidation in laked preparations 
as compared with the whole cell preparations, when both cytochrome c and 
ions are present in the reaction mixture. It is noteworthy that cyto- 
chrome c is shown to stimulate octanoate oxidation when laked cells are 
used but not when whole cells are used, thus explaining the data in Table I. 
The data in Table I'\'' are apparentl 3 ’- the first demonstration of the partici- 
pation of cytochrome c in the ATP-activated oxidation of octanoate. We 
have encountered a number of special situations, to be reported elsewhere, 
in which washed cells will oxidize octanoate but laked aliquots are inactive. 

Table IV 

Oclanoate Oxidation in Washed Rat Liver Cells FolUnring Lysis 
Succinate oxidation was measured as previously described (7), with enzj-me 
preparations equivalent to 20 mg. of fresh liver. Octanoate o.-ddation was measured 
with reaction mixtures which contained phosphate, malonate, octanoate, adenosine 
triphosphate, and cytochrome, as in Table I, plus 0.2 ml. of 0.2 xi MgClj and water 
to make 3.0 ml. in the final volume. The washed cells were added as 0.5 ml. of a 20 
per cent suspension in saline, and the laked cells were added as 1.0 ml. of a 10 per 
cent suspension in distilled water. Sodium chloride was added as 0.2 ml. of 0.42 ii 
solution, and K'*' ions were added as 0.1 ml. of 0.42 si of KCl substituted for an 
equivalent amount of XaCl. 0-xygen uptake reported on the basis of the best two 
5 minute readings. 


Washed cells 

K* 

Cytochrome 

Succioate 

oxidation 

Cytolysis 

quotient 

Octanoate 

oiidatioa 




micrcliUrs 

^rr unt 

nurroliters 

Whole 

_ 

— 

24.2 

44 

37.8 


— 

-1- 

43.5 


43.5 


-1- 




42.7 


+ 

+ 1 

! 


48.3 

Laked 

— 

! 

! 0 ' 

' 100 

8.1 


— 

+ 1 

46.6 


31.0 


-h 




8.7 


+ 

+ i 

i 


49.2 


with or vithout added K+ ions. In other cases, the laked cells oxidize 
octanoate nearly as svell in the absence of added K+ as in its presence. In 
general, there must be some activity^ with Na"*" ions only, in order for K+ 
ions to exert an effect. It seems not unlikely that the action of potassium 
is indirect, and since Lehninger has reported that DPN’ is a component 
of the system (12), it may be a deficient component in some of the inactive 
preparations encountered. With the technique for demonstrating octano- 
ate oxidation in laked cell preparations thoroughly established, it svas 
possible to test some of the questions raised in the preceding paragraph. 

* Diphosphopyridine nucleotide. 
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It was found that the enzyme system was sensitive to hypotonic media and 
that data analogous to that in Table II were obtained with the laked washed 
cell preparations, which were in addition somewhat more sensitive to 
hypertonic media than were the whole cell preparations. Furthermore, 
the laked cell preparations lost their activity upon freezing (in liquid air), 
showing that this type of experiment could not be used to test the role of 
cell structure in octanoate oxidation. The conclusion that fatty acid 
oxidation does not require cell structure is thus based upon the data in 
Table IV. 

Microscopic examination of the preparations was carried out with about 
9 volumes of Loeffler’s methylene blue (alcoholic) to 1 volume of prepara- 
tion. Nuclei are stained dark blue, nucleoli very dark blue, and cytoplas- 
mic granules light blue. In unwashed homogenates almost no conclusions 
could be drawn, due to the masking of whole cells by adhering cytoplasmic 
granules. Even in the washed isotonic preparations this effect was notice- 
able. However, in the latter it was easier to discern chains of liver cells, 
rather uniform in size, about 3 to 4 times as long as they were broad, though 
the cell membranes did not stand out as smooth boundaries. On the other 
hand, some whole cells could be seen even in water homogenates. The 
microscopic examination provided no reliable guide as to the extent of 
cytolysis. 


DISCUSSION 

Whether Leloir and Munoz or Lehninger have obtained oxidation of 
higher fatty acids independent of cell structure cannot be stated definitely 
at this time, since they have not determined “cytolysis quotients” by the 
succinoxidase test or by some equally objective measurement. All of the 
published data seem to emphasize the importance of avoiding conditions 
which would logically be expected to produce cytolysis, and in some of 
the data the omission of cytochrome c from the reaction mixture, or the 
lack of an increased oxygen uptake when cj’-tochrome was added, strongly 
suggests that whole cells Avere being used. The data presented in Table 
IV, on the other hand, seem to provide clear cut proof that octanoate oxida- 
tion, at least, is possible in the absence of cell structure. The chief point 
to be emphasized is that the cells must not be laked prior to the Avashing 
procedure in order to obtain activity in the present reaction mixture. 

One of the striking neAV developments in Lehninger’s Avork is the ATP 
activation of fatty acid oxidation. We have completely confirmed this 
observation, and although our experimental techniques deliberately devi- 
ated considerably from Lehninger’s, A\-e adhered quite closely to the prin- 
ciples AA'hich his Avork established and used most of the components of the 
reaction mixture at the concentrations he found to be optimum. Thus it 
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seems likely that, whether or not the previous work was actually done with 
cell-free preparations, fatty acid oxidation would have been obtained if the 
washed preparations had been laked before they were tested. 

The ATP activation of octanoate oxidation in preparations of “whole” 
(i.e., unlaked according to the cytolysis quotient) cells was rather unex- 
pected, since phosphorjiated coenzymes and intermediates have generally 
been found to penetrate whole cells very poorly in comparison with the 
non-phosphorjiated derivatives; cf., for example, the comparison of thia- 
mine with cocarboxylase in brain cell suspensions (18), in which thiamine 
was superior to cocarboxjiase in minced tissue while the reverse was true 
in more finely ground (“broken cell”) suspensions. It is unclear whether 
the latter would liave been classified as whole or laked by the succinoxidase 
technique. More recently, isotonic homogenates have given marked 
responses to the addition of phosphoiylated cofactors and intermediates 
(19), although the preparations were not washed and therefore must also 
have contained some broken cells. Nevertheless the water homogenates 
seemed superior since, when properly fortified, they gave somewhat 
greater actinty than the isotonic homogenates, possibl}' “because there 
is no permeability barrier between the (added] coenzj'mes and enzj-mes in 
disrupted cells” (19). It seems possible that the permeability of the washed 
cells has been altered by the washing to the extent that the ATP molecule 
can get in, while the much larger C3rtochrome molecule cannot get out. 

The significance of the present study is not simply whether fatty acids 
can be oxidized in the absence of cell structure, particularly since the 
essential means of securing this result were fairly well established b 3 ’ the 
work of Leloir and Munoz and of Lehninger. However, it may be antici- 
pated that other metabolic reactions which have hitherto required intact 
cells maj' be attacked with the object of demonstrating the reaction in ccU- 
free extracts. The present study maj' seiwe to show how the homogenate 
technique may be emploj’ed to gain this end and to help establish the con- 
clusion. 

Although assaj's for fattj- acid oxidase are not yet possible on a stricth- 
quantitative direct basis, considerable information can be obtained bj- 
means of the washed preparations if satisfactoo' succinoxida.se assaj's with 
and without cj^ochrome c can be obtained on the original homogenate 
as well as on the washed preparation. 

SUMiLVKY 

1. The variation in the extent of cell rupture in “isotonic,” “hypotonic,” 
and “water” homogenate.s i.s empha.sizod, and the inadequacj’ of microscojjic 
examination is pointed out. 

2. An objective test, which measures the loss of cj’tochromc c from cell-; 
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in liver homogenates, is utilized to determine a “cytolysis quotient” in the 
various types of homogenates. 

3. The activation of fatty acid (Cs) oxidation by adenosine triphosphate 
in the presence of washed cells prepared from isotonic rat liver homogenates 
has been confirmed. 

4. Washed rat liver cells which were laked with distilled water gave 
fatty acid oxidase activity equal to that of isotonic control suspensions, 
when the reaction media contained K+ ions and cj'tochrome c in addition 
to the components used with the suspensions. 

5. Water homogenates made isotonic and washed with isotonic saline 
gave residues which would oxidize succinate but not octanoate under the 
conditions which permitted oxidation in the lakcd washed cell preparation. 

6. Due to the above considerations, the assay of fatty acid oxidase activ- 
ity cannot be made by direct means as yet. 

The author is happj'^ to acknowledge the helpful ciiticism of Dr. Albert 
Lehninger, Department of Surgery, Univeisity of Chicago, to whom this 
manuscript was sent before its final revision. 
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THE LACTOBACILLUS CASEI FACTORS IN THE NUTRITION OF 

THE CHICK 
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(From the Lederle Laboratories, Inc., Pearl Rirer, Xew 1 orf:) 

(Received for publication, Januarj- 26, 1946) 

Stokstad and Manning (1) demonstrated the existence of an unidentified 
groirth easential for chicks which was termed factor U. Snell and Peterson 
(2) indicated the existence of a growth factor of unknown composition for 
Ladobacillus casci. Because of its properties, the substance was designated 
the “norit eluate factor.” Hutchings cl al. (3) presented etfidence shoeing 
that the “norit eluate factor” was concerned in chick nutrition, thus sug- 
gesting a relationship between factor U and the “norit eluate factor.” 

Since that time several crj''stalline products have been isolated. 
Pfiffner el al. (4) isolated a substance from liver which was essential for 
Lactobacillus casei and was active in promoting growth and hematopoiesis 
in the chick. This material was termed \'itamin Bt. Stokstad (5) isolated 
a crj'stalline compound from liver and one from yeast. The liver com- 
pound was active for L. casei, Streptococcus faecalis R, and the chick. The 
yeast compound had the same activity as the material isolated from liver 
when assayed with L. casei, but was only one-half as active a-s the liver 
compound when assayed with Streptococcus faecalis R. These compounds 
were subsequently referred to as the liver and yeast L. casei factors. The 
synthesis of the liver L. casei factor was recently announced by Angier 
et al. (6). 

The isolation of another form of the Lactobacillus casei factor was de- 
scribed by Hutchings el al. (7). This compound which was obtained from 
a fermentation product was 85 per cent as active as the liver L. casei factor 
when assayed irith L. casci, but only 6 per cent as active when assayed with 
Streptococcus faecalis R. 

In a later communication, Hutchings ei al. (8) presented quantitative 
data on the acti 4 'ity of the fermentation compound for the chick. The 
fermentation Lactobacillus casei factor was approximately as active as the 
liver L. casci factor in promoting growth and hemoglobin formation in the 
chick. It was suggested that the acthnty of a compound for L. casd 
would be a more general indication of its gron th-promoting and anemia- 
preventing properties for the chick than would be the Streptococcus faecalis 
R acthity of the compound. 

In this communication further experiments "ith the fermentation 
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Lactobacillus casei factor arc described. Data arc also presented for the 
requirement of the chick for the synthetic liver Lactobacillus casei factor. 

EXPERIMENTAL 

The composition of our basal diet is shown in Table I. Day-old New 
Hampshire red chicks were given this diet and water ad libitum and were 
housed in heated batteries. The Lactobacillus casci factor preparations 
were made up at frequent intervals by dissolving the factor in 0.05 N 
sodium hydroxide at a concentration of 1 mg. per ml. Fresh diets were 
made up weeklj’’ and various amounts of the LactobaciUus casei factor were 
added directly to the basal diet. 

The stock mash was a commercial chick starter fortified with 3 per cent 
each of dried whole liver, dried brewers’ yeast, and cerophyl. 

The chicks were weighed twice weekly and all experiments continued for 
4 weeks. Hemoglobin determinations were made by the method of 
Evelyn (9). 


Rcsidts 

The results with the fermentation Lactobacillus casei factor are presented 
in Table II. Each series represents an experiment, done at a different time 
with a separate lot of chicks. Series 1 and 2 show the effect of several 
levels of the fermentation Lactobacillus casci factor. Also shown (Series 
3) is the effect of the addition to the diet of several sulfonamides that are 
known to inhibit intestinal bacteria. The sulfonamides showed no effect 
except a slight growth depression with sulfaguanidinOr which was also 
manifested on the fortified stock diet. It is to be noted that our diet 
contained 5 mg. of p-aminobenzoic acid per kilo. 

Low levels, 0.16 to 0.48 mg, of the fennentation Lactobacillus casei 
factor per kilo of diet, produced pronounced responses in growth and hemo- 
globin formation. The type of anemia which was encountered was mac- 
rocytic and hyperchromic. These results are in agreement with those of 
Campbell el al. (10). Maximum growth was obtained with approximately 
1.1 mg. per kilo of diet with no further increase when the levels were in- 
creased up to 4.0 mg. per kilo. The growth obtained equals that on the 
fortified stock diet. 

The experiments with the synthetic liver Lactobacillus casei factor are 
tabulated in Table III. Although A^ery marked responses are evident at 
low levels, maximum growth and hemoglobin values are obtained between 
0.5 to 1.0 mg. of the sjmthetic compound per kilo of diet. 

The absorption spectra of the fermentation Lactobacillus casci factor and 
the synthetic liver compound are similar, differing only in their extinction 
coefficients: E}^m. at 365 mg in 0.1 n NaOH 130 for fermentation L. casci 
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factor, and 199.0 for sjTithetic liver L. casei factor. If we assume that the 
chromoplioric groups of the two factors are the same, the ratio of the 
values at a given wave-length is a ratio of the molecular weights of the 
two compounds. On this comparative basis the fermentation L. casci 
factor should be G5.4 per cent as active as the synthetic liver L. casei 
compound. The results presented demonstrate that the ratio of activity of 
the tw o compounds is of this general order. The biological variation of the 


Table I 

Composition of Basal Diet 


Ingredient 


Ingredient 


Cerelose* 

per cent 

53 0 

Biotin 

ms. per cent 

0.03 

Alcohol-cxtracted casein 


Riboflavin 

0.5 

Salt mixture 


Inositol 


Calcium gluconate 

3 0 

p-Aminoben 20 ic acid 

5.0 

Gelatin 

8.0 

Vitamin E 

5 0 

Rufie\t 

4 0 

“ K 

0 2 

Soy bean oil 

5 0 


vnilT 

Cholic acid 

0 25 

“ A 

3500.0 

Cystine . 

0 45 

“ D 

200.0 

1 

Choline chloride 

ms percent 

200 0 

Oral dosing, 3 drops once 
a wk.. 


Calcium pantothenate 

3 0 

Vitamin A 

7000.0 

Xicotinamide 

3 0 

Delsterol 

400.0 

Pyridoxine 

0 5 


nr 

Thiamine hydrochloride 

0 3 

Vitamin E 

! 5.0 



“ K, in 0.1 cc. 

1 corn oil 

0.005 


* Glucose monohydrate. 

t A purified cellulose containing 70 per cent a-cellulose and 30 per cent other 
celluloses. The Fisher Scientific Company, Pittsburgh, Pennsylvania 


chick experiments makes it difficult to assess the comparative activity 
more accurately. 


DISCUSSION' 

Elvehjem and coworkers (11, 12) and Norris and associates (13) have 
failed to find any' correlation between microbiological assay' and the growth- 
promoting and hemoglobin-forming properties of various concentrates when 
as,sayed with chicks. An explanation of their difficulties was suggested by 
the fact that various naturally' occurring compounds do exist, and have 
vary-ing potencies for Lactobacillus casei and Streptococcus faccalis R. 
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Hence, any conclusive comparative data based on microbiological and 
chick assay of impure concentrates would be difficult to obtain. The 
magnitude of these difficulties became apparent when PfifTner et al. (14) 

Table II 


Requirement of Chick for Fermentation Lactohacillus casei Factor 


Series No. 

No. of 
chicks 

Supplement 

Average weight 
andNo.ahvc* 
at2S days 

Average 
hemoglobin 
at 2S days 

1 

11 

per kilo 

None 

sm. 

95 (4) 

gm. per cent 

4.8 


11 

0.16 mg. L. casei factor 

156 (6) 

5.4 


11 

0.32 " “ “ “ 

159 (9) 

6.0 


11 

0.48 “ “ " 

214 (11) 

7.1 


11 

0.64 “ “ “ “ 

215 (10) 

7.0 


11 

0.80 “ “ “ 

243 (10) 

7.7 


11 

1.12 “ “ “ “ 

266 (11) 

7.2 



1 50 -< << .. « 

271 (11) 

7.7 


11 

4.00 " “ 

260 (11) 

7.4 

2 

■■ 

None 

130 (1) 

3.9 



0.48 mg. L. casei factor 

237 (11) 

7.5 


■ 9 

0.64 “ “ " " 

283 (12) 

8.3 


12 

0.80 “ " “ “ 

244 (12) 

8.6 


12 

0.96 “ “ “ “ 

272 (12) 

8.3 


12 

2 12 ** • ** 

291 (11) 

8.0 


12 

1.28 “ “ " “ 

274 (12) 

8.4 


10 

2.40 “ “ “ 

279 (10) 

8.4 


10 

Fortified stock mash 

309 (10) 

7.8 

3 

10 

None 

105 (2) 



10 

0.80 mg. L. casei factor 

278 (10) 

7.8 


10 

4.00 “ " " " 

302 (10) 

7.1 


10 

0.80 " “ “ “ + 0.7% sulfa- 

293 (9) 

7.6 


10 

su.xidine 

0.80 mg. L. casei factor -f 0.7% sulfa- 

254 (10) 

7.8 


10 

guanidine 

0.80 mg. L. casei factor -f 0.7% carboxy- 

292 (10) 

8.2 


9 

sulfathiazole 

Fortified stock mash 

305 (9) 

7.48 


10 

" " " + 0.7% sulfa- 

guanidine 

281 (9) 



* Figures in parentheses. 


isolated a crystalline conjugate from yeast that was available to chicks, but 
which was inactive for bacteria prior to enzyme digestion. The evidence 
of numerous investigators (15-18) conclusively shows that such micro- 
biologically inactive conjugates are of wide occurrence in natural products. 
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Briggs tl al. (19), using the fermentation Ladohacillus casei factor of 
Hutchings el al. (7), attributed vitamin “Bio” and “Bu” activity to the 
compound. However, the fact that the amounts necessary for growth and 
hemoglobin formation were higher than the amount of Ladohacillus casei 
factor present in the crude concentrates, as was determined bj' micro- 
biological assaj', led these workers to the conclusion that considerably more 
active compounds existed. Scott ct al. (20), using the same compound, 
attributed growth-promoting and hemoglobin-forming properties to the 
compound, hut only in the presence of (J-pyraein. 

Table III 


Effect of Synthetic Liver Lactobacillus casei Factor on Growth and Hemoglobin 
Formation in Chichs 


SeriesN'o. 

(10 cbi^s each) 

Supplement 

Averare weight 
' and No. alive* 
at 28 days 

Average 
hemoglobin 
at 28 days 


Per kilo 

jfm. 

fri. fer uni 

4 

None 

65 (1) 

5.96 


0.2 mg. synthetic L. casei factor 

255 (8) 

6.48 


0.3 “ “ “ ** 

293 (8) 

7.15 


0.4 " “ “ " 

333 (10) 

7.SS 


0.5 “ “ " “ “ 

284 (10) 

8.21 


1.0 “ “ “ “ 

343 (10) 

8.59 

S 

None 

(0) 



0.3 mg. synthetic L. casei factor 

277 (9) 

7.53 


Q g << << n ** tt 

327 (9) 

8.62 


Q y 14 11 (1 11 It 

346 (10) 

7.58 


2 Q 11 <1 11 11 11 

3S0 (10) 

8.68 


^ g 11 11 it 11 11 

366 (10) 

8.07 


g Q 11 11 11 It 11 

387 (10) 

7.80 


* Figures in parentheses. 


The data presented above indicate that on a molar basis the fermentation 
Ladohacillus casei factor is as active in promoting growth and hemoglobin 
formation in the chick as is the synthetic compound, which is identical 
with the naturally occurring liv'er Ladohacillus casei factor. This is the 
most active form of the compoimd for either microorganisms or chicks. 
The fermentation compound was active under the same experimental 
conditions as the synthetic compound. The addition of ^-pvTacin was not 
necessary to elicit a response. 

In vdew of the apparent discrepancy between the activity of vitamin 
Be, as reported by Pfiffner and associates, and the activity of the fer- 
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mentation Laclohacillns casci factor, as reported by Scott and coivorkers, on 
chicks, Daniel cl al. (21) have advanced in vitro experiments purported to 
reconcile these differences. 

In a study of the conversion of the fermentation Laclohacillns casci 
factor to a compound more active ior Slreplococciis faccalis Hhy an enzyme 
present in chick liver tissue, these invc-stigators found that /3-pyracin was 
concerned in the reaction. Their explanation was that either /3-pyracin was 
conjugated with the L. casci factor to form “folic acid” or the presence of 
^-pyracin facilitated the conversion. Attention is directed to the paper of 
Day cl al. (22) in which the enzyme present in rat liver that is capable of 
hydrolyzing microbiologically inactive conjugates was efficacious in con- 
verting the fermentation L. casci factor into a compound with increased 
activity for Streptococcus faccalis R. The addition of /3-pyracin was not 
necessary for this reaction. Furthermore, previously published data (7) of 
the absorption spectra of the Amrious L. casci factors would indicate that the 
fennentation compound is a higher molecular weight compound than the 
liver L. casci factor. It would thus appear likel}’’ that the enzymatic 
activation was of a degradatiim nature. 

The results presented substantiate our previous conclusion that the 
fermentation Lactobacillus casci factor is active in promoting growth and 
hemoglobin formation in the chick. Evidence presented in this paper in- 
dicates that the fermentation compound is as active on a molar basis as the 
synthetic liver Lactobacillus casci factor. 

Smaller amounts of either compound arc ncccssaiy for hemoglobin 
formation than for maximum growth. 

The amounts of the fermentation Lactobacillus casci factor and the 
synthetic compound necessary to give growth equivalent to that of a 
fortified stock mash are 1.1 mg. per kilo of diet and 0.5 to 1.0 mg. per kilo 
of diet respectively. 


SUMMARY 

The fermentation Lactobacillus casci factor and the synthetic liver 
Lactobacillus casci factor are active in promoting growth and hemoglobin 
formation in the chick. On a molar basis the two compounds are ap- 
proximately equally actiAm. On our basal diet the two compounds are 
active under identical conditions. The addition of /3-pyracin is not neces- 
sary for groAvth or hemoglobin formation. 

We are indebted to Miss Hilda B. Ritter and Miss Joyce Cook for the 
hemoglobin determinations. 
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THE REPLACEMENT OF ^TTAAIIN Ai BY VITAAIIN A. IN 
THE RETINA OF THE RAT* 


Bv EDGAR JI. SHAKTZ, NORRIS D. EMBREE, HAROLD CARPENTER 
HODGE, akd J. H. WILLS, Jp.. 

{From the Laboratories of Distillation Products, Inc., and the Department of 
Biochemistry and Pharmacology, School of Medicine and Dentistry, 

The University of Rochester, Rochester, Xew York) 

(Received for publication, February 4, 1!M6) 

It is now well established that vision in dim light is due to the photo- 
chemical decomposition of “\Tsual purple,” a pigment present in the rods of 
the retina (1). Visual purple is believed to be a conjugated protein in 
which vitamin A or one of its derivatives is a prosthetic group (2). As 
might be expected, the spectral sensitivity curv'e of the eye parallels the 
absorption spectrum of visual purple with a maximum at 500 mp, except for 
a slight shift toward the red due mainly to light absorption of the intraocular 
media. 

In 1937, Wald (3) found that certain fresh water fish have a visual purple 
sj’stem which differs from that found in man and most other animals. 
The absorption of this pigment occurs at about 522 mp, and the entire 
absorption spectrum is shifted somewhat toward longer wave-lengths. It is 
reasonable to assume that in dim light these fish are comparatively more 
sensitive to red light and less sensitive to blue than animals mth the normal 
tj'pe of visual purple. To avoid confusion, the \TSual purple of humans and 
salt water fish was named rhodop.sin, while the visual purple of fresh water 
fish was named porph3Topsin. 

At about this same time, other investigators (4, 5) found that the livers 
of these fresh water fish contained, instead of vitamin A, a closely related 
substance having an absorption maximum, in the ultraviolet at about 
350 m;i instead of 328 m;i and that the antimonj' trichloride reaction 
product had an absorption maximum at 693 mp instead of 620 mp. This 
material was named ^'itamin A;, and shortly thereafter Wald (6) showed 
this substance to be the prosthetic group in porphyropsin, as vitamin A 
is in rhod opsin. It has subsequenth' been found (7, 8) that 4-itamin Aj 
has biological acti\'itj' for rats and occasionally occurs in small amounts in 
the livers of animals that eat fresh water fish (9). 

It would be of considerable interest to find out whether the spectral 

’ Communication No 8S from the Laboratories of Distillation Products, Inc. 

This work wa.s financed in part by the War Research Committee of the Rochester 
C’hamber of Commerce and in part by the Institute of Optics under the supervision 
of Dr. Brian O’Brien 
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response curve of the human retina can be shifted toward the red region b}’ 
the substitution of porphyropsin for rhodopsin in the retina. As the initial 
step in such a study, we investigated the possible replacement of vitamin 
At by vitamin As in the retina, liver, and blood of the albino rat. 

Procedure 

132 male and female rats were placed at weaning (24 days old) in in- 
dividual cages and giA'en the “vitamin A test diet” (10). After 9 weelts on 
this diet, the usual vitamin A deficiencj' symptoms developed and the 
colonj'^ was divided into two groups. One group of 63 vitamin A-deficient 
rats was examined immediately; a group of 76 normal rats was examined 
simultaneously for comparison. The remainder of the colony was placed 
on a daily supplementation of 100 “units” of vitamin As* given orally by 
dropper in Mazola. The vitamin As was extracted from the livers, p}doric 
ceca, gastrointestinal tracts, and bodj"^ fat of wall-ejmd pike {Stizostedion 
vilreum). These extracts all had an ultraviolet absorption maximum at 
352 nifi, u’ith a subsidiary’ peak at 286 ntfi. The antimony trichhnde 
products all showed a single absorption maximum at 695 m/x. 

Groups of six to eight rats were taken at intervals of 3, 6, and 12 weeks 
and examined to see what changes had occurred in the vitamin Ai and As 
levels in the retina, blood, and liver. After 12 weeks on vitamin As feeding, 
a group of forty-eight rats was examined. 

At the time of sacrifice, the rats were placed overnight in a dark room 
and killed by decapitation. A minimum of illumination was furnished by 
a Kodak Series No. 2 Saf elite. The blood was collected and allowed to clot 
and the serum taken. A representath’e number of li^"ers were removed, 
and the pooled sample weighed and placed under 95 per cent ethyl alcohol. 
The eyes were removed promptly and placed in normal saline solution. 
They were transferred to a 4 per cent alum solution for a period of about 2 
hours. The lenses were removed, and the retinas dissected out and placed 
in a phosphate buffer solution (pH 6.8), centrifuged, and washed with the 
same solution repeatedly. The washed retinas were ground with sand 
under 4 per cent sodium glycocholate solution and the volume brought up 
to about 15 ml. After standing for an hour, the mixture was centrifuged 
and the supernatant liquid poured off. 

‘ Since there is no standard unit of vitamin .A.-, we have adopted, pro lem, the ex- 
pedient of employing an arbitrary physicochemical or spectral unit. This is deter- 
mined by using the same conversion factors as are used in this laboratory for calcu- 
lating units of vitamin Ai from its extinction coefficient at 328 nia in the ultraviolet 
or the e.xtinction coefficient at 620 nifi for its antimony trichloride product. Thus the 
potencies in units of vitamin A. were calculated by multiplying the extinction coeffi- 
cient at 352 m/i by 2000 and, for the antimony trichloride product, by multiplying the 
extinction coefficient at 695 m^ bj’ 750. 
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The transmission spectra of the retinal extracts were determined on a 
Hard}' spectrophotometer against a blank sample of the 4 per cent sodium 
glycocholate solution. The small amount of light needed to give the trans- 
mission spectra produced no bleaching of the \'isual purple. Subsequently, 
the retinal e.xtracts were exposed to room light until no further fading 
occurred at 500 m/j, and cuives for the bleached samples were obtained. 
Since these extracts all had considerable general absorption in the 400 to 
500 m^i region, the cun-e of the bleached sample was subtracted from the 
original in order to obtain a better cuive of the visual purple itself. It 
must be noted, however, that this procedure would j'ield a true spectrum of 
the I'isual purple only if it is assumed that no other products absorbing in 
the same region are produced at this time. Since it is known (11) that some 
such products are formed, the curve obtained by subtraction is not a true 
cur\'e of the visual purple. However, for the purposes of this experiment, 
the difference is not significant. 

Retinene was extracted with benzene from the bleached visual purple 
solutions, and its antimony trichloride spectrum recorded. 

The blood sera and the livers were e.xtracted in the usual manner and 
spectra of the antimony trichloride colors obtained. 

Results 

Amount and Character of Visual Purple — can be seen from Fig. 1, the 
normal rats had a I'isual purple curve with a maximum at 500 m/i, showing 
that rhodopsin was present.- The vitamin A-deficient rats e.xainined at 
the same time also showed the presence of rhodopsin but in a much smaller 
amoimt. In contrast, the large group of rats which had been on vitamin 
Aj supplementation for 12 weeks gave a x-isual purple cun-e with an absorp- 
tion maximum at 520 m;i. Since the absorption maximum of porphyrop- 
sin occurs at 522 ± 2 m^j, this shift of the spectrum indicated that the 
visual purple of the vitamin A;-fed rats had been changed to porphyropsin 
to the extent of about 80 per cent or more. 

The primary question with which this investigation is concerned is 
whether or not an animal normally utilizing only x-itamin Aj in its retinal 
pigment can produce the tj'pical vitamin Arcontaining x-isual purple. Fig. 
1 gives a clear cut answer to this question. On prolonged feeding of x'ita- 
min Aj, the rat has almost entirely replaced x"itamm Ai by x-itamin A: in the 
XTsual puiple of its retina. 

Retinene — ^The bleached x'isual purple extracts xx'ere extracted xx-ith 

* Tho retinas from thirty-three frogs were examined to test our experimental pro- 
cedures. ,\n excellent rhodopsin curve was obtained. The frog retinas were found 
to contain about twice as much visual purple as those of the normal albino rat. 
The livers contained 165 units per gm. of vitamin .\i 
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benzene and examined for retinene, which gives a characteristic antimonj' 
trichloride blue color with a maximum at 664 m/x (2). Definite evidence of 
retinene was found in the extract from the visual purple of normal rats. 
No retinine could be detected in the benzene extract from the bleached vis- 
ual purple of rats which had been fed vitamin Aj for 12 weeks. However, in 
the latter case, the presence of retinene was not expected, since, according 
to Wald (6), bleached porphyropsin yields a different substance, retinenej. 
This compoimd gives an antimony trichloride product having an absorption 
maximum at 706 irift. Unfortunatel 3 ', this wave-length was beyond the 
limit of the spectrophotometer used. 

Vitamin A in Retina — The amoimt of vitamin Ai in the bleached retinas 
of two small groups of normal rats was found to be 0.64 and 0.87 units per 



WAVELENGTH mu 

Fig. 1. Absorption spectra of the visual purple extracts from normal rats (Curve 
a), vitamin A-deficient rats (Curve 6), and previously depleted rats fed a supplement 
of 100 units daily of vitamin Aj for a period of 12 weeks (Curve c). 


rat. A comparative measurement on the retinas of a small group of vitamb 
A-deficient rats showed only one-fourth to one-third as much vitamin A 
(0.23 unit per rat) as is normally present. After 3 weeks of feeding 100 
units of vitamin As daily, the retinas of a small group showed 0.83 imit of 
vitamin Ai per rat. No evidence of vitamin As was observed. After 6 
weeks of vitamin Ai supplementation, the retinas from another small 
group showed 0.75 unit of vitamin Ai per rat, -ivith the appearance of just a 
trace of vitamin A 2 . It appears that the retinas pick up vitamin A 2 ex- 
tremely slowly and tend to maintain normal levels of vitamin Ai. Since 
all of the available retinas were needed for the visual purple estimation on 
the rats fed vitamin A 2 for 12 weeks, no vitamin A determinations were 
made on the bleached retinas of these animals. 
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Vitamin A. in Liver — ^The livers of normal rats from our stock colony 
were found to contain 125 to 135 units of ^^tamin Ai per gm. As may be 
seen from Fig. 2, where the spectra of the antimony trichloride products 
are pven, the extract of normal rat livers shows a single absorption maxi- 
mum at 62Q mfi. The cur\’e for the liver extracts from ■vitamin A-deficient 
animals also has its absorption maximum at the same wave-length, but the 
peak is markedly depressed and corresponds to about 8 per cent (10.5 units 
per gm.) as much ■\'itamin Ai as was found in the normals. 

The large group of ■vitamin A-deficient rats placed on 100 imits of vitamin 
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Fic. 2. .Absorption spectra of the antimony trichloride reaction products from 
•be livers of normal rats (Curve a), vitamin- A-deficient rats (Curve 5), and depleted 
rats fed a supplement of 100 units daily of vitamin A. for a period of 12 
weeks (Curve c). 

Ai daily resumed growth proraptlj’, and vitamin A deficiency svTnptoms 
disappeared. Groups of six rats each were sacrificed after receiving vitamin 
A. supplementation for 3, 6, and 12 weeks. The livers from the rats after 
3 weeks contained only vitamin A; to the e.xtent of about 52 units per gm. 
There was no indication of a tendency to increased deposition of vitamin 
Aj on continued feeding. Thus, the livers of rats after 6 and 12 weeks 
contamed 36 and 40 units of vitainin.A; per gm., respectivelj’. The livers 
from the rats of the large group on vitamin Aj supplementation for 12 weeks 
(Fig. 2) showed only vitamin A; (antimony trichloride absorption maximum 
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at 695 m/i). At this time, the livei's contained 76 units of vitamin A 2 per 
gm. The prompt rise in tlie vitamin A 2 level of the rat livers to values of 
36 to 76 units per gm. and the maintenance at this level during continued 
feeding of vitamin A 2 are evidence of a systemic balance which maintains a 
constancy of vitamin A 2 in the liver at a given level of intake. Such a 
phenomenon has been previously noted by Lewis ct al. (12), who report that 
when vitamin A-deficient rats were placed on an intake of 100 units of vita- 
min Al daily the livers establish a store of approximately 113 units per gm. 

Several points emerge from these data. In Autamin A-deficient rats fed 
vitamin A2, the vitamin A2 appeared promptly in the liver and established 
a definite storage level. In this re.spect, vitamin A2 apparently folloAA's a 
pattern of systemic behavior similar to that of vitamin Ai. Only vitamin 
A2 Avas found in the liver even after as short an interval as 3 Aveeks of Autamin 
A2 supplementation. In the liver, Autamin A2 appears to be a suitable 
biological replacement for vitamin Ai. 

Vitamin Ai in Blood — The blood serum from two large groups of normal 
rats AA’as found to contain 1 .0 and 0.7 units of vitamin Ai per ml. The curve 
for the antimony trichloride product (Fig. 3 ) of the normal rat blood extract 
shoAved a maximum at 620 rtifi. The curve of the vitamin A-deficient rat 
blood extract shoAved a single maximum at 620 mu, but the height of the 
absorption curve AA'as greatly reduced, as compared to that of the normals. 
The blood of these rats contained only 0.2 unit of vitamin Ai per ml. or 
about one-fourth to one-fifth as much vitamin Ai as is normally present. 

The blood serum from a group of six rats AA’as examined after 6 Aveeks on 
vitamin A 2 supplementation, and it AA'as found that vitamin A 2 had appeared 
in the blood (0.2 unit per ml.), although vitamin Ai still predominated 
( 0.3 unit per ml.) This relationship AA'as reversed after 12 Aveeks of vitamin 
A 2 supplementation, at Avhich time 0.2 unit per ml. of vitamin At and 0.3 
unit per ml. of vitamin A 2 AA'ere found in the serum. An anomalous 
finding is recorded in the values for the blood serum of a group of sLx rats 
chosen at random after 12 Aveeks on vitamin A 2 supplementation. In this 
serum only A'itamin Ai AA'as present in the amount of 0.8 unit per ml. No 
reason for this anomaly is knoAAii. 

In contrast to the rapid uptake of vitamin A 2 b}' the liver, the blood 
seemed to retain vitamin Ai tenaciously. It AA'ould appear that 100 units 
of vitamin A 2 have been transported daib' by the blood stream, deposited in 
the liA'er and other tissues, metabolized, and perhaps excreted for as long a 

’ .Icnsen el (il. (S) liavo found from ii study of carefully proi)arod concentrates tha* 
the antimony trichloride product of vitamin .\i has absorption at 095 m/i equal to 
about 5 per cent of its absorption at 620 mja, AA’hilc the antimony trichloride product of 
vitamin Ai contributes absorption at 620 m^ equal to about 33 per cent of its absorp- 
tion at 695 ma- The relative amounts of vitamins .‘V, and .43 in mixtures Averc calcu- 
lated on this basis. 
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period as 6 weeks without significantly altering the ^'itamin Ai level in the 
blood as compared to that of vitamin A-deficient animals. The tenacity 
of retention of ^dtamin Ai is further demonstrated by the amoimt of vitamin 
A] found in the blood after 12 weeks of xdtamin A: feeding. The total 
amoimt of combined ■vitamin Ai and idtamin A; in the blood serum after 12 
weeks is nearly up to the normal level of vitamin Ai in rat blood. However, 
it is apparent that prolonged periods of litamin A: feeding would be neces- 
Ear>' to replace intamin .A.i completely, if indeed this is possible. It may bo 
that small amounts of vitamin Ai are stored in many tissues of the body and 



Fig. 3. .Absorption spectra of the antimony trichloride reaction products of the 
extracts from blood serum of normal rats (Curve a), vitamin .A-deficient rats (Cun'c 
&), depleted rats fed a supplement of 1(X) units daily of vitamin .A* for 6 weeks (Curve 
c), and rats fed the xdtamin .A- supplement for 12 weeks (Curve d). 

that upon feeding vitamin A; these stores are gradually replaced. The 
vitamin Ai thus released perhaps finds its way into the blood stream and 
responsible for its continued appearance there. However, vitamin .A; 
appears in the blood stream in a reasonablj' constant amount and seems, 
over a protracted period of vitamin A. feeding, to be gradually replacing the 
vitamin Ai. 

Fiinctiojial Replacement of Vitamin Aj by Vitamin A; — One of the im- 
portant generalities which emerges from this study is the apparent ability 
of A'itamin A; to replace idtamin Ai in general body fimctions. The idtamin 
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A-deficient rats without supplementation of vitamin A presumably would 
have died. When 100 units dail.v of vitamin As were administered to each 
rat, all symptoms of ^dtamin A deficiency rapidly disappeared; growth was 
immediately resumed and the xerophthalmia healed. The coats became 
healthy looking and the rats were lively, ate well, and were in excellent 
condition. The livers promptly took up stores of vitamin As and vitamin 
As appeared in the blood and in the visual purple. The suiadval and grovirh 
on ^dtamin As supplementation and especiallj’’ the production of porphyrop- 
sin in the retinas indicate the usefulness of vitamin As in those body func- 
tions in which vitamin Ai is considered nece.ssary. 

Vitamin A-> Reproduction — ^After 0 weeks on vitamin As supplementation, 
the rats were mated ; eight groups of two female rats were placed in separate 
cages, with one male for each group. Onlj^ half of the females became preg- 
nant, but this percentage is not extraordinarily Ioav in first matings. 
Only one of the females raised its jmung, although all that were pregnant 
delivered litters. In general, the pups were not verj"^ strong and varied 
markedly in v'eight in each litter. The pups that died liad stomachs well 
filled with milk, showing that the failure was not in the milk supply. The 
one surviving litter was placed on 33 units of vitamin Aj daily at weaning, 
and, during the latter part of the lactation period, the mother was put hack 
on the usual dosage of 100 units daily. The pups had grown well at the 
time of sacrifice, having body weights of 5G to 80 gm. Unfortunatel.v, the 
extracts of blood, livers, and retinas of the pups were cloudy and no satis- 
factor}’’ measurements of the antimony trichloride products of these tissues 
could be obtained. The loss of such a high percentage of the litters is 
unusual and may reflect some fault in the ability of vitamin A" to replace 
vitamin Ai. Further evidence of such a fault may be found in the vide 
variation in the size of the pups. The value of vitamin As in reproduction 
and the survival of young rats is open to further experimentation. 

Sex Differences in Response to Vitamin A 2 — In comparison of the groivth 
curves of the rats folloning vitamin A 2 supplementation, a difference was 
noted in the growth responses of male and female rats. For example, after 
3 weeks on 100 units of vitamin A 2 the two male rats in one small group had 
increased about 35 gm. in body weight, whereas the four female rats had 
increased only 10 gm. After G weeks on vitamin A 2 feeding, the male rat 
in another small group had gained 100 gm. in body weight, whereas the five 
female rats had increased onl}' 35 gm. on the average. In the large group 
during the 7 weeks for which weight records on vitamin A 2 supplementation 
are available, the twenty-eight male rats showed an average increase of 50 
gm. in body weight, while the sixteen female rats showed an average in- 
crease of onlj’’ 27 gm. This sex difference is also supported by evidence 
gained from an experiment in which two male and two female rats on anormal 
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intake of \'itamin Aj were fed 10,000 units daily of \itamia A; for 2 weeks. 
At the end of this time, the livers were examined separately. The livers of 
the male rats contained 39 and 68 imits of \-itamin Ai per gm. and 171 and 
254 units of \’itamin A; per gm,, respectiveh'. The livers of the female 
rats contained 112 and 133 imits of vitamin Ai per gm. and 103 and 130 
units of idtamin As per gm., respectively. Thus, the proportion of vitamin 
A; to vitamin As was much higher in the livers of the male rats than in those 
of the females. However, ei-idence for sex difference in utilization of 
ntamin A* by males and females is insufficient to be regarded as conclusive. 

It should be noted here that, aside from the difference in growth response, 
of the male and female animals, neither sex shows the weight gain that 
would be predicted for a daily supplementation of 100 units of vitamin A 
on the assumption that lutamin Aj is equal in potency to vitamin Aj. This 
is in line nith the obsen’ations of both Gillam ei al. (7) and Jensen el al. (8) , 
who found that the growth response to higher levels of vitamin A* feeding 
was not as great as would be predicted from the response at low levels. The 
latter workers also noted that very high doses of vitamin As (10,000 units 
per day) were much more toxic than equivalent doses of \-itamin Ai. 
This phenomenon may reflect some difference in biological response to 
lutamin Aj or may be caused by some contaminant in the fresh water fish 
liver e.\tract. 

Dr. K. C. D. Hickman proidded the original stimulus and idgorous col- 
laboration at every step of the investigation. 

The authors wish to express their thanks to Mr. E. E. Richardson of the 
Kodak Research Laboratories for measurements of the idsual spectra, to 
Dr. F. P. Pingert of the ’Eastman Kodak Company for preparation of the 
sodium glycocholate solution, to Dr. A. B. hlcCoord of The University of 
Rochester School of Medicine and Dentistrj' for some of the vitamin A 
determinations, and to Mr. Ray Kesel of The University of Rochester 
School of Medicine and Dentistry for technical assistance. 

SnSBIABT 

1. Vitamin A; can be incorporated into the idsual purple of the albino rat, 
an animal normally utilizing only \utamin Ai in this retinal pigment. 

2. Upon administration of 100 “units” of vitamin A; daily, the liver of the 
albino rat promptly develops and maintains a store of intamin A*. 

3. Upon continued feeding of vitamin A5, the blood of the albino rat 
slowly increases in vitamin A; content while tenaciously holding to the 
vitamin Ai available. 

4. Vitamin A; appears to replace idtamin Ai successfully in many impor- 
tant body functions of the rat. 
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THE SYNTHESIS OF POTENTIAL ANTIMALARIALS 
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Technology, Pasadena) 

(Received for publication, Januarj’ 22, 1946) 

The general hypothesis as to the mode of action of chemotherapeutic 
agents, which has been formulated by Fildes, Woods, Mcllwain, and others 
(2), offers a rational and useful guide to the design of new drugs. Thus, 
bacteriostasis is pictured as caused by the blocking of reactions essential 
to groivth by an inhibiting substance which has a structure similar to that 
of one of the normal enzymes or metabolites essential to the growth of the 
organism. 

There is some indication that such a mechanism may also be involved in 
the case of protozoa, since it is known that certain of the sulfonamides are 
plasmodicidal in vivo. To e-xiend this approach to Plasmodium by attempt- 
ing to block essential metabolites or enzymes other than those involved in the 
action of the sulfonamides has been made difficult by the lack of knowledge 
of the essential metabolic requirements of the parasite. 

An important lead to this approach has been furnished by Trager (3), 
who showed that the sun-ival in vitro of Plasmodium lophurae is favored by 
the presence of calcium pantothenate. Although the evidence is indirect, 
Trager’s results indicate that pantothenic acid is the only growth factor 
of known chemical structure thus far demonstrated for any species of 
Plasmodium. 

The hypothesis of Fildes el al. has been tested experimentally by the 
design and preparation of several new growth inhibitors for bacteria (2). 
In the case of pantothenic acid, Snell (4) was the first to report the prepara- 
tion of a salt of dl-pantovdtaurine which inhibited the growth of certain 
bacteria in vitro and he showed that the inhibition was reversed bypanto- 

* The work was done under a contract , recommended by the Committee on Medical 
Research, between the Office of Scientific Research and Development and the Cali- 
fornia Institute of Technolog>'. The paper was submitted to the Ad'v’isory Commit- 
tee on Publications, National Research Council, October 20, 1043. 

The simplified nomenclature has been employed (see Barnett and Robinson (1)) 
in which “pantoyl” is used for the a.-y-dihydroxy-^/^-dimethylbutviyl radical. 
The designation “d” and “f” has been used to indicate only that the compound is 
dextrorotatorj' or levorotatorj*. 

t Contribution No. fM9. 
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tlienic acid. In the same year Kuhn, Wieland, and Moller (5) prepared 
solutions of the d and I modifications of pantoyltaurine and they reported 
that the d form was 32 times more active than the I form as a groivth in- 
hibitor for certain bacteria. Independently, Mcllwain, Barnett, and 
Robinson (6) prepared and tested as bacterial inhibitors not only dl-pm- 
toyltaurine but also d/-pantoyltauiylamide and a number of other analogues 
of pantothenic acid. 

In the light of Trager’s e\ddence that pantothenic acid is an essential 
growth factor for Plasmodium loplairac and of the work of Snell, Mcllwain, 
and Kuhn, showing the existence of several compounds knoivn to interfere 
with pantothenic acid metabolism, at least with respect to bacteria, the 
advisability of testing pantothenic acid inhibitors for antimalarial actiiity 
becomes evident. 

The work reported here describes the preparation, in as pure a form as 
possible, of the optically active d-pantoyltaurine (I) and several of its de- 
rivatives, II, III, n'', V, VI, and VII, primarily for testing as antimalarials 
and incidentally for testing with a variety of other pathogens. 

HO— CHs— CtCHj).— CH(OH)—CO— NH— CH,— CH-— SO.— R 
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A report of the results obtained with compounds I to VII in tests on avian 
malaria will be reported elsewhere.’ It may be stated, however, that 
d-pantoyltaurylamide (II) showed definite activity in vivo in the suppression 
of pai’asites under certain test conditions. 


EXPERIMENTAL 

d -Pantoyltaurine (Sodium Salt) (/), (SN 327)' — This compound was pre- 
pared in a manner similar to that employed by Snell (4) for the preparation 
of the optically inactive compound. The preparation of solutions of the 
d and I modifications has been reported by Kuhn et al. (5). 

To 36.4 gm. of thoroughlj'^ dried f-pantolactone were added 41 .2 gm. of 

' The Survey number, designated SN, identifies a drug in the records of the Survey 
of Antimalarial Drugs. The antimalarial activities of the compounds to which Sur- 
vey numbers have been assigned will be tabulated in a forthcoming monograph. 
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the dried sodium salt of taurine and the mixture heated between 115-120° 
for 4.5 hours with occasional stirring. Bubbles of gas appeared to evolve 
during the reaction. The melt was poured into absolute ethanol and, upon 
standing, formed a gel. The product was extracted with 700 ml. of absolute 
ethanol, the ethanol concentrated in vacuo to 100 ml., and 600 ml. of ace- 
tone added. A powder precipitated which, after standing overnight at 0°, 
was filtered, washed with acetone, and dried over sulfuric acid in vacuo. 
There were obtained 46.5 gm. (90 per cent on the basis of lactone consumed) 
of a white deliquescent powder melting with effervescence at 100-110°. 
Wc? = +23.4° (27.2 mg. in 1.93 ml. of water). 

C,H„0,NSN’a. Calculated. C 34.7, H 5.8, N 5.1, Xa 8R 
Found. “ 34.5, “ 6.1, “ 4.8, “ 8.4 

d-PantoyllauTylamide {IT), {SN 3279) — ^Taurylamide hydrochloride, pre- 
pared by the method of Miller, Sprague, Kissinger, and McBumey (7), was 
converted to the free base as described by Barnett and Robinson (8). The 
oil thus obtained ciystallized to a solid melting at 90-100°; because it is 
hygroscopic, it was used without further purification. Taurj’lamide (19.3 
gm.) was heated with Z-pantolactone (21.0 gm.) at 100-110° for 3 hours 
(see Barnett and Robinson’s (8) procedure for the preparation of the 
optically inactive compound). The product (39 gm.) was a hygroscopic 
viscous gum which could not be induced to crj'stallize. A sample was puri- 
fied for anah'sis by repeated precipitations from ethanol with isopropyl 
ether; after prolonged dcjing over phosphorus pentoxide in vacuo, the 
d-pantoyltaurylamide consisted of a colorless glassy solid, [a]? = +19.1° 
(52 mg. in 2.0 ml. of water). 

CsHiiOsX.S Calculated, X ll.O; found,’ N 10.7 

3-PhlhaUmidoethanesulfonyl-2-aminopyridine — Since the condensation of 
the acid chloride and 2-aminopj’Tidine, whether carried out in pj+dine or 
in water vith sodium carbonate, always resulted in the hjrirolysis of the 
sulfonyl chloride, the following conditions were employed: To 25 gm. of 
2-aminopjridine in the minimum amount of benzene were added 35 gm. of 
/3-phthalimidoethanesulfonyl chloride (7) in benzene. The resulting solu- 
tion was refluxed for 1 hour and aUowed to cool. The precipitate, which 
formed during the reaction, was filtered o5, stirred with dilute sodium bi- 
carbonate solution, filtered, washed with water, and dried over sulfuric acid 
in vacuo. For purification, this product was refluxed with 150 ml. of 
methanol, aUowed to cool, and filtered. There were thus obtained 33 gm. 
of |3-phthalimidoethanesulfonyl-2-aminopjridine, colorless prisms, m.p. 
213-215°. 

’ A semimicro-Kjeldahl determination was carried out b\' Mr. C. T. Redemann. 
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C,3H„04NjS. Calculiitcfl. C 54.4, II 1.0, X 12.7 
Found. ■' 64.7, “ 4.0, " 12.4 

Tmiryl-S-aminoptjridinc — To 23 gm. of the above /3-phthalimidoethanc- 
siilfony]-2-aminopyridine suspended in 200 ml. of hot ethanol were added 
11.7 ml. of 42 per cent Itydrazine hj’drate (9), and the mixture was reflu.\ed 
on the water bath. During 15 minutes, the solid had dissolved, and a pre- 
cipitate had begun to form. The mixture was refluxed for 1 hour, cooled, 
and filtered. The intermediate thus obtained was dissolved in 1 liter of hot 
water and treated with 13.5 ml. of concentrated hj'drochloric acid. When 
the solution had cooled, the phthalhydrazide was filtered off, and the 
filtrate evaporated to di^mcss. The solid thus obtained, after several 
crystallizations from ethanol, proved to be a mixture of the mono- and di- 
hydrochlorides of taurylaminop 3 widine. Although the}’’ could never be 
completel.v separated, it was found that the monoh 3 "drochloride melted at 
about 1G5°, while the dih 3 ’^drochloride had a melting point of about 190°. 
The h 3 'drochlorides wero each treated with the required amount of sodium 
bicarbonate solution. On evapoi-ation'of the aqueous solutions and crystal- 
lization of the residues from absolute ethanol, the same compound was 
obtained from both h 3 "drochlondes as colorless clusters of platelets, m.p. 
140-141°. 


CtHuOiNhS. Calculated. C 41.8, H 5.5, X 20.0 
Found. “ 41.0, “ 5.8, “ 20.S 

d-N--{Panloyltauryl)-2-aminopyridinc (///), {SN 3280) — To 4.5 gm. of 
taur3d-2-aminop3Tidine Averc added 3 gm. of l-pantolactone, and the mix- 
ture was heated at 1 15-120° for 5 hours. After standing overnight in a 
desiccator over sulfuric acid, a product was obtained which solidified upon 
dissolving in acetone and pouring the solution into a large volume of dr}’ 
ether. The material which precipitated was filtered undei’ anh 3 "drous con- 
ditions and dried over phosphorus pentoxide zn vacuo. The 5.5 gm. of 
semicr 3 'stalline material thus obtained Avere h 3 ’-groscopic and gradually 
became dark and gumm 3 ' on exposure in the air. The best samples decom- 
posed so rapldl}’- that satisfactory anal 3 'ses Avere not obtained. TheA’ had 
a melting point of about 53°. Wo* = -t-l8.5° (62 mg. in 2.0 ml. of Avater). 

3-Phihalimidoethanesidfonyl-2-aminopyrimidinc — To 17.2 gm. of 2 -amino- 
pyrimidine suspended in 50 ml. of dry pyridine AA-ere added sIoavI}', AA-itli 
.shaking, 40.5 gm. of y 8 -phthalimidoethanesulfon 3 d chloride. The solid 
gradually dissoh^ed, and, after an hour, a flocculent precipitate began to 
form. The suspension AA-as stirred Augorously overnight and then poured 
into 1 liter of AA'ater. The resulting suspension AA’as neutralized Avith sodium 
bicarbonate and filteJ'ed. After drying, the product AA-as obtained as 34.3 
gm. (58 per cent) of a broAAm poAA'der melting at 245-250°. After several 
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rectj’stallizations from glacial acetic acid a sample was obtained as colorless 
prisms, m.p. 245-247°. 

CiiHi-XiOiS. Calculated, C 50.6, H 3.6; found, C 50.5, H 3.7 

Tauryl-2-aminopyrimidine Hydrochloride — ^The hydrolysis of the phthal- 
imido compound was carried out nith hydrazine hydrate and hydrochloric 
acid solution, as described for the preparation of tauiyl-2-aminopjTidine. 
The hydrochloride was obtained in 75 per cent yield as colorless prisms from 
dilute ethanol, m.p. 215-216°. 

C.H„X,O.SCl. Calculated. C 30.2, H 4.6, X 23.5 
Found. “ 30.2, “ 4.6, “ 23.9 

TauTyl-2-aminopyrimidine Hydrate — On neutralization of an aqueous 
solution of the hydrochloride with sodium bicarbonate, a precipitate was 
obtained which after filtering and diying consisted of flat hexagonal prisms. 
.4. sample of this material, when heated, softened above 140° and melted at 
151° with decomposition. 

C,H„X.O:S H;0. Calculated. C 32.7, H 5.5, X 25.4 
Found. “ 33.0, “ 52, “ 25.3 

Tauryl-2-aminopyrimidine — On heating at 100°, the hydrate slowly de- 
composed. About 85 per cent of the theoretical amoxmt of water was 
removed by diying at 106-110° for 4 hours in a vacuum over phosphorus 
pentoxide. The compound thus obtained regained the water on standing in 
the air. It has not been obtained in pure form because of its instability, 
and the crude material was used for the ne.xt reaction. 

d-N--{PanloyUauryl)-2-aminopyrimidine (/T"), {SN 7293) — ^Finel 3 ’ pow- 
dered tauiyl-2-ammopj'rimidine hj'drate (1.1 gm.) was dried at 92° imder a 
high vacuum for 18 hours. To the resulting solid was added 0.9 gm. of 
Z-pantolactone, and the mi.xture heated at 97-98° for 6 hours and at 115° 
for an additional 30 minutes. A clear melt was obtained. The tempera- 
ture was lowered to 100° and the heating continued for 8 hours. During 
this latter period, some crystallization was observed. The reaction mi.xture 
was dissolved in hot ethanol, filtered, and allowed to stand overnight. The 
supernatant solution was decanted from a small amoimt of hj'groscopic 
amorphous solid and treated with isopropjd ether. After standing for some 
time, small clumps of crv’stals were deposited. After filtering and drjTng, 
the product (0.45 gm.) was recr^'staUized from absolute ethanol and color- 
less clusters of crjntals, m.p. 177-178.5°, were obtained. [o]|f = -1-23.6° 
(21.9 mg. in 1.99 ml. of water). 

C,,Hri,OiX,S. Calculated. C 43.4, H 6.1, X 16.9 
Found. “ 43.7, “ 6.1, “ 16.9 
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p-PhthaUmidoclhancsiilfonyl-S-aminolhiazole — ^To 19 gm. of 2-ainmothia- 
zole in the minimum amount of benzene were added 25 gm. of the )3-phthal- 
imidoethanesulfonyl chloride in benzene, and the solution was refluxed for 1 
hour. After cooling, the solid which had precipitated was filtered off and 
allowed to stand overnight in sodium bicarbonate solution. It was then 
filtered, washed mth water, dried over sulfuric acid, and crystallized from 
glacial acetic acid. I’licre were obtained 27 gm. of a product mth a melting 
point of 227-228°. 

C„H„0,N,Sj. Calculated, C 46.3, H 3.3; found, C 46.6, H 3.3 

The attempted hydrolysis of this compound with hydrazine hydrate and 
dilute hydrochloric acid was accompanied by a large evolution of hydrogen 
sulfide and led to the production of a dark oil, from which no identifiable 
compound could be obtained. 

Tauryl-2-aminothiazole Hydrochloride — solution of 70 gm. of )S-phthal- 
imidoethanesulfonyl-2-aminothiazole in 1500 ml. of 92 per cent ethanol 
containing 54 gm. of sodium hydroxide was heated at 60-65° for 24 hours. 
It was acidiOed TOth 10 n ethanolic hydrogen chloride and, after standing 
in the cold for several hours, filtered from the sodium chloride. The filtrate 
was evaporated to dryness under reduced pressure, and the residue dissolved 
in acetone and filtered to remove the unchanged starting material. The oil 
thus obtained was extracted -with 170 ml. of water in portions and decanted 
from a small amount of msoluble oil (starting material and phthalic acid). 
Evaporation of the solution gave 15 gm. of emde tauryl-2-aminothiazole 
hydrochloride, which was recrystallized from glacial acetic acid to give 13.3 
gm. of rosettes of needles, m.p. 187-190.5°. An analytical sample melted 
at 193-195°. From the reaction there were recovered 29 gm. of starting 
material. 

(\H,o02X3SsC; 1. Calculated. C24.6, H 4.1, X 17.2. 

Found. " 21.8,“ 3.S,“ 17.2 

N--{PanioyUauryl)-2-aminolhiazole (T), {SN 9667) — To 1.7 gm. of taur}'!- 
2-aminothiazole hydrochloride in 2 ml. of warm water was added 0.6 gm. of 
sodium bicarbonate. The resulting bro^vn solution was dried in vacuo over 
sulfuric acid and finally over phosphorus pentoxide. To the above mixture 
of tauryl-2-aminothiazole and sodium chloride was added 0.91 gm. of 
f-pantolactone, and the mixture heated at 80-90° for 2 hours. The product 
was extracted with 10 ml. of hot absolute ethanol, filtered, and the solvent 
removed imder reduced pressure. The residual bro4vn oil was washed 
repeatedly with cold acetone and finally dried in vacuo over phosphorus 
pentoxide, whereupon it solidified to a light bro^vn powder. The product 
was soluble in water, but, on standing in solution, decomposed with evolu- 
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tion of hydrogen sulfide. It was also unstable in moist air, but remained 
unchanged over long periods when kept over phosphorus pentoxide. No 
significant rotation could be observed. 

CiiHuOsNiSj. Calculated. C 39.2, H 5.7, N 12.5 
Found. “ 39.5, “ 5.8, “ 12.8 

P-PhlhalimidoelhancsulfonylaTninocyclohexane — ^To 13.7 gm. of /S-phthal- 
imidoethanesulfonyl chloride dissolved in 250 ml. of acetone were added 
10.5 gm. of cyclohexylamine. The solution was refluxed for 1 hour and then 
poured into a large volume of water. The solid was recovered by filtration 
and recrystallized from ethanol to ^ve 15 gm. of long colorless needles, 
m.p. 152-153°. 

CnX-oOiNiS. Calculated. C 57.1, H 6.0, N 8.3 
Found. “ 57.5, " 6J2, “ 8.0 

Taurylaminocyclohexane — ^The phthalimido compound was hydrolyzed 
ivith hydrazine hydrate and hj’drochloric acid, as described for the prepara- 
tion of tauryl-2-aminopyridine. The tauiylaminocyclohe-xane was obtained 
in quantitative jdeld by neutralization of the hygroscopic hydrochloride 
followed by evaporation of the aqueous solution and e.xtraction of the resi- 
due -with ethanol. On recrystallization of the crude product from ethanol, 
there was obtained a colorless product, m.p. 92-93°. 

d-Pantoyhaurylaminocydoheiane (T/), {SN 3281 ) — To 6.2 gm. of tamyl- 
aminocyclohexane were added 4 gm. of f-pantolactone, and the mixture 
heated at 120° for 4 hours. The resulting oil was solidified by dissohang it 
in acetone and pouring the solution into diy ether, but it could not be in- 
duced to crj’stallize. There were thus obtained 9 gm. of the crude prod- 
uct, which was used for testing. A portion of this product was dissolved 
in a small amoimt of water, and this solution, after standing for several 
days, slowlj' deposited colorless crystals, which were filtered off and re- 
cry-stallized several times from water plus a few drops of ethanol, to give 
colorless needles, m.p. 125-126°. WS* = +2.7° (67 mg. in 2.0 ml. of 
water). 

C„H:sO,N,S. Calculated. C 50.0, H 8.4, N 8.3 
Found. “ 505, “ 85, “ 85 

3~Phlhalimidoethanesulf<mylaminooctadecane — To a solution of 20 gm. of 
^-phthalimidoethanesulfonyl chloride dissolved in the minimum amount of 
benzene was added a solution of 41 gm. of octadecylamine in benzene. The 
solution was reflaxed for 1 hour and then evaporated to dixmess under 
reduced pressure. The residue (about 50 gm.) was reciystallized from 
ethanol to give 33 gm of colorless plates, m.p. 109-109.5°. 
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(\«H460<XiS. Crticiiiiiipfi. o m.A, H n. 2 , x 5.5 

Found. “ C6.-1, “ 9.3, " 5.7 

The alcoholic mother liquora were evaporated almost to drjTiess and 
poured into a largo amount of ether, whereupon the octadecylamine hydro- 
chloride precipitated in a fairly pure form, m.p. 155-1G0°. 

Taurytaminoocladecanc — The hydroly.si.s of the phthalimido compound 
was carried out with liydrazinc hydrate, a.s desetibed for the preparation of 
tauryl-2-aminopyridine. I'ho combined precipitate of phthalhydrazide 
and tauiylaminooctadecane hydrochloride was centrifuged down, and, after 
removal of the e.\cess hydrochloric acid bj' sc\’eral washings with Avater 
followed by recovery of the precipitate by centrifuging, the solids were 
treated with two successive portions of normal sodium hydro.xide solution. 
The product from this treatment was filtered, rvashed thoroughly rvith 
water, and dried over sulfuric acid. The resulting solid was twice crystal- 
lized from etharrol to give 16 gm. of colorless needles, m.p. 90-91°. The 
basic filtrate and washings could be acidified to recover the phthalhj'drazide. 

C-uHjiOjX-S. Caleulatecl, X 7.2; found, X 7.2 

d-Panloijltaurylaminoocladecane {VII), {SN 3883) — To 19.8 gm. 6f the 
above taurylaminooctadecane were added 7.5 gm. of f-pantolactone, and the 
mixture heated at 100° for 2 hours. The resulting solid rvas recrj'stallized 
from ethanol to give 23 gm. of colorless prisms, m.p. 98-100°. [a]” = 
+51.0° (46 mg. in 5.0 ml, of chloroform). 

CjjHs^OsN-S. Calculated. C 61.7, H 10.7, X 5.5 
Found. “ 61.7, " 10.8, " 5.6 

Altempled Preparation of Pantoyltauryl-9-aminoanthracene (SN 5923 ) — 
Although the instability of certain of the intermediates and of the final 
product has precluded satisfactory analyses, rve rrish to record the results 
obtained. 9-Nitroanthracene (10) rvas prepared and reduced to 9-amino- 
anthracene (11, 12) Avith stannous chloride. The compound had a melting 
point of 148-151° but decomposed sloAvly on standing in a closed vessel. 
The anthramine Arms condensed AA-ith j9-phthalimidoethanesulfonjd chloride 
in pj'i-idine to give /?-phthalimidoethanesulfon3d-9-aminoanthracene (?) as 
a light buff-colored solid AA'hich did not melt beloAv 300°. The phthalimido 
compound was hydrolyzed AAuth hydrazine hydrate and the resulting 
tauryl-9-aminoanthracene hydrochloride (?) had a melting point of 205- 
206° (Avith decomposition) Avhen reciystallized from ethanol. The hj'dro- 
chloride Avas neutralized AAuth sodium bicarbonate and the free base re- 
ctystallized from ethanol to give light buff-colored cr 3 ’-stals, m.p. 174-175°. 
T^ie free base gradually decomposed on standing and Avas therefore imme- 
diately condensed AA'ith f-pantnlactone bj' heating for 3 hours at 120°. The 
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product was crA’stallized from cellosolve and light j'ellow crj'stals of pantoyl- 
taurj’l-9-aiiimoanthracene (?), m.p. 219-220°, were obtained. Reciystal- 
lization from cellosolve or prolonged standing at room temperature was 
accompanied by decomposition, as eAudenced b 3 ' darkening. The analyses 
gave results too variable to be of significance. 

The authors ■wish to thank Dr. W illia m Trager of the Rockefeller Insti- 
tute, Princeton, New Jersey, for his encouragement and suggestions and 
Dr. Carl Nie mann and Dr. Ed'win Buchman of this Institute for their adAuce 
and technical aid. We are indebted to Merck and Company, Inc., for a 
generous gift of 1-pantolactone and 2-aminothiazole, to the American 
Cyanamid Company for a gift of 2-aminopyrimidine, and to Armour and 
Company for a gift of octadec 3 -lamine. The microanah'ses, except where 
indicated, were performed b 3 ' Dr. Gertrude Oppenheimer of this Institute. 

SUMMART 

The preparation is described of a series of opticaIl 3 ' active derivatives of 
pantoyltaurine, in as pure a form as possible, for testing for antimalarial 
activit 3 ’. 
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STUDIES ON CHOLINE ACETYLASE 

II. THE FORMATION OF ACETYLCHOLINE IN THE NER\'E AXON 

By D.AVID NACHMANSOHN, HEDDA M. JOHN, M. BER^L\N 

(From the Department nf Neurology, College of Phyticians and Surgeons, Columbia 
Unicersily, New York) 

(Received for publication, January 25, 1046) 

The high concentration of cholinesterase in the axon and its exclusive 
localization at the neuronal surface are one of the essential facts supporting 
the concept that the release of acetylcholine is directly associated tvith the 
nerve action potential; t.e., with the conduction of thenerv'e impulse (1,2). 
The enzyme found in the axon is an esterase specific for acetylcholine (3). 
The presence of a specific and highly active enzymatic mechanism for the 
removal of acetjdcholine in the axon indicates that the ester is metabolized 
there at a high rate and suggests the possibility that acetylcholine may be 
formed in the axon as weU. as at the synapse. 

Acetylcholine is, as shown by Nachmansohn and Machado, synthesized 
by an enzyme sj'stem, choline acetylase, which can be extracted from brain 
but not from other organs (4) . Several properties of the enzjTne have been 
described in previous communications (5-7). It appeared of interest to 
test whether or not choline acetylase occurs in the axon. 

The e4'idence that energj'-rich phosphate bonds are the primary' energj* 
source during the recovery period following the action potential and may 
account for the electric energy released is based on obser\’ations on the 
electric organ (8). These organs are an accumulation of end-plates. Their 
action potential is therefore more comparable to the end-plate potential 
than to the axon potential. MTien it was concluded that energj'-rich 
phosphate bonds should account for the resynthesis of the primarv' com- 
pound split during nerve acthity, t.e. acetylcholine, e\idence for such a 
mechanism was offered ■with solutions prepared from brain. The presence 
of choline acetylase in the brain could, however, still be attributed to the 
presence of nerv'e endings. No such objection is possible if the same 
enzjTne mechanism is foimd in the peripheral fiber free of endings. It 
appears probable that the physicochemical mechanism of the end-plate 
potential is identical with that of the axon potential. E%*idence that the 
complex energy-using enzyme system required for the formation of acetyl- 
choline is present in the axon would be new additional support for the as- 
sumption that the role of the ester is not limited to the nerve ending but Ls 
of equal importance in the axon. 

The peripheral fiber offers moreover a favorable material to correlate 
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directly acetylcholine metaboliHin and function. In the degenerating fiber 
it is easy to follow t,he decrca.so of enzyme activity and to compare it with 
the loss of conductivity. 

The presence of choline acctylase in the peripheral fiber has been reported 
in a jjreliminarj" note (9). In this paper the full material is presented. 

McAhods 

The extract was prepared in the same way as ^ras described previously 
(5, 7). .Six to seven rabbits were u.sed for each experiment. The sciatic 
nerve was thoroughly ground in a homogenizer with pho.sphate buffer 
and silica. After centrifugation at 3000 n.r.M. for 5 minutes, all the 
additions described previously were made to the supernatant fluid and the 
solution was then put into the Warburg vessel. 0.5 cc. of cysteine (final 
concentration 0.02 m) was added, since previous observations indicate that 
even under strictly anaerobic condition the yield is better in the presence of 
this amino acid (7). The actual incubation time in all experiments was 20 
minutes at 37°. The amount of acet^dcholine present was then tested on 
the frog rectus preparation. 

Section of the sciatic nerve was carried out under ether anesthesia and 
under strictly sterile conditions. 


JiesuHs 

The experiments in which choline acetylase has been prepared from 
guinea pig and rat brain haAm showTi that satisfactory results are obtained 
if the approximatelj" 3 cc. of enzyme solution used ]ier vessel contain the 
eqiHA'alcnt of 400 to 500 mg. of tissue. The obi5er\’'ations on cholin- 
esterase indicate that the rate of acetylcholine metabolism i.- lower in the 
fibers than in the regions which contain cell bodies and sjmapses. Con- 
sequently, it could be expected that the rate of acetylcholine metabolism 
would be loAver in the fibers and that considerably less choline acetylase 
Avould be present there. It therefore appeared necessary to use at least the 
same amount of tissue as in the experiments Avith brain e.xtracts in order to 
obtain satisfactory data. 

An adA-antage of the rabbit sciatic nerAm as the material for testing the 
formation of acetylcholine by choline acetylase in normal and degenerated 
nerve fibers is the fact that its section is a simple operation. From six to 
seven i-abbits it is easy to obtain a total of 1.0 to 1.5 gm. of nerve (fresh 
AA’eight) from both right and left sides. This amount is sufficient to obtain 
soIution.s of suitable concentration for tAA'o vessels, one of AA-hich is used for 
the experiment in the presence of adenosine triphosphate, the second as a 
control AA'ithout. the nucleotide. 

Only the difference betAA'-een these tAA'o solutions (Avdth and Avithout 
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adenosine triphosphate) was used in the calculation of the acetylcholine 
formed. It is possible, however, that the small amounts of acetylcholine 
found in the control were also formed during incubation as a result of small 
amounts of preformed adenosine triphosphate. In that case the amounts 
actually formed would be .slight^' higher than those indicated. 

Normal Nerve Fibers 

The sciatic nen-e contains a large amount of connective tissue. Since 
this tissue is rather tough and the grinding of the sciatic nerve and the 
preparation of a homogenized suspension are difficult, it takes some time 
and e.vperience to achieve a complete or nearly complete extraction. In 
Table I the experiments are numbered in the chronological order in which 
they were carried out. It can be seen that in the later experiments higher 
jdelds were obtained than in the earlier ones. Whereas in the experiments 
up to No. C an average of 50 to 60 7 of acetylcholine is formed per gm. per 
hour, most of the later values obtained in Kxperiments 7 to 14 vary be- 
tween 70 and 90 7 ; that for Experiment 13 is 106. In the verj' first ex- 
periments in which choline acetylase was determined in the sciatic nerve, 
the values were even lower than those recorded in TableT. The jdelds of 
70 to 90 7 per gm. per hour appear to be close to the highest that can be 
expected aith the methods used. 

The sciatic nerv-e contains a large amount of inactive tissue (connective 
tissue, fat, and myelin) . On the assumption that this tissue forms about two- 
thirds of the total, which is a conservative estimate, the amount of acetyl- 
choline which can be formed in the axon of the rabbit sciatic nerve may thus 
be about 250 7 per gm. per hour and is probably higher. 

Degeneraiing Nerve Fibers — It appeared of special interest to determine 
the activity of choline acetylase during degeneration and to test how this 
metabolism is related to the ner%'e function; i.e., to conductmty. Con- 
duction is stUl maintained 2 days after section, whereas after 3 days it has 
disappeared. Obviously, if the release of acetylcholine is responsible for 
conductmty, formation of acetylcholine should be possible at a rate not 
too far below normal as long as the nerve is able to conduct. The dis- 
appearance of conductmty, on the other hand, may or may not be due to a 
loss of choline acetylase activity, since many essential enzymes or factors of 
an entirely different nature involved in and necessary for conductmty may 
be impaired before choline acetylase is inactivated. 

48 hours after the section of the sciatic nerv'e, choline acetylase actmty 
has decreased only about 20 to 25 per cent. It is ob\'ious that Experiments 
10 and 12 are more reliable than Experiments 3 and 5. In the former, the 
extraction was apparently complete, as the high normal value indicates. 
In the latter, the values are not yet maximal. Although it is probable that 
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in most cases the normal and tlic degenerated sides were ground in the same 
way, and tliat the relative values are therefore still comparable, as in 
Experiment 5, it is possible that the small decrease in Experiment 3 is due 
to slightly more efficient extraction of the degenerated side. 

After 72 hours, the decrease is marked, but still about one-third of the 
enzyme is present. The slightlj' smaller decrease in Experiment 4 may be 
interpreted in the same Avay as was explained for Experiment 3. 

6 days after section, choline acetylase activity is no longer detectable. 


Table I 

Choline Acclylasc in Xormal and Degenerating Rabbit Sciatic Kvrvcs 


The results of earlier c.vperimcnts (Nos. 1 to 6), in which the extraction was prob- 
ably not yet optimal, arc put in parentheses. 


1 

Experi- 
ment No. 

Time after , 
section 

Total 

wclshl 

Equivalent weight used 
per vessel 

Acetylcholine formed 

Decrease 

Normal 

Degen- 

erated 

Normal 

r> 5 
Q.3 

Normal 

Degen- 

erated 


hrs. 

m 

mm 

mi*. 


y per cm. 
per hr. 

T pi'm- 
per hr. 

per etnl 

1 

0 

119 


322 

328 

(59.0) 

(49.5) 


2 

0 

119 


395 

392 

(60.0) 



13 

0 


1.40* 

461 

401 

106.0 

106.0 


3 

48 


1.84 

500 

524 

(53.0) 

(51.0) 


5 

48 

1.54 

1.84 

530 

586 

(41.0) 

1 (32.8) 



48 

1.57 

1.52 

486 

433 

87.0 

68.4 

21.4 

12 

48 

1.73 

1.24 

407 

403 

92.7 

68.1 

26.7 

iT 

70 

1.42 

1.39 

451 

444 

76.0 

26.5 

65.1 

6 

72 

1.28 

1.66 

460 

575 

(52.0) 

(17.0) 


4 

72 

0.94 

1.41 

340 

495 

(51.0) 

(29.0) 


0 

72 

1.69 

1.64 

526 

511 

73.5 

23.0 

68.5 

14 

72 

1.62 

1.37 

4.57 

397 

78.5 

26.0 

67.5 

7 

144 

1.68 

1.73 

522 

435 

77.0 

0 

100 

S 

150 

1.95 

1.91 

535 

523 

86.0 

0 

100 


* Control. 


DISCUSSION 

Two facts emerge from the.se observations: First, the choline-acetylating 
enzyme system is present in a relativel}'^ high concentration in the peripheral 
axon which is free of cell bodies and nerve endings. This high rate of 
acetylcholine formation in the axon is consistent with the idea that the 
release of acetylcholine is responsible for the propagation of the neiwe 
impulse along the axon as well as across the synapse. This finding is 
another important support for the assumption that no fundamental dif- 
ference exists in the physicochemical mechanism of these two events, an 
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assumption for which a strong body of evidence already exists from bio- 
chemical as well as biophysical data. It is difhcult to believe that 8\>ch a 
complex and specific enzyme sj’stcm is presenh in the axon but has no 
function there, or that the function of the acetylcholine, formed at a high 
rate in the axon as well as at the synapse, changes suddenly when the im- 
pulse reaches the nerve ending. 

The second essential fact is the evidence that the enzyme system has not 
markedly decreased after 48 hours, when the axon is still able to conduct 
impulses. The decrease of 25 per cent is easily compatible with the as- 
sumption that this enzymatic mechanism is required for conduction. 
These results are in contrast to those of Feldbcrg (10) who recently claimed 
to have evidence for a synthesis of acetylcholine in the nerve fiber in vitro 
and that this synthesis becomes impossible 2 days after section of the fiber. 
He considers his results as an indication against the assumption of a rOlc 
of acetylcholine in conduction. 

The conditions and methods used by Feldbcrg arc, however, inadcciuatc 
for testing the synthesis of acetylcholine. He worked under conditions in 
which there was no supply of energy necessary for the synthesis. He kept 
chopped nerve fibers of cats and sheep for 2 hours in oxygenated Locke’s 
solution, with the basic assumption that he had the same condition as did 
Quastel, working udth brain slices. There is, however, a decisive difference. 
Brain slices have a high rate of respiration, since the cells remain intact and 
there is, therefore, sufficient energy to build up adenosine triphosidiatc, 
whereas in chopped fibers the respiration disappears rapidly. After 2 hours 
of incubation Feldberg found 1 to 2 7 of acetylcholine per gm. of nerve above 
the control. We consider this difference to be due to the use of diffcrcnl 
methods of preparing the control and the experiment, which leads to slightly 
lower values in the control. Indeed, Feldberg’s figures show that if the 
two methods of extraction are compared withoiit incubation the difference 
is the same as between control and incubated nerve. His obsciwations do 
not offer any evidence for a synthesis in the fiber and his failure to find any 
synthesis in degenerating nerve cannot be used as evidence against the 
concept presented above. 


SUMMARY 

Choline acetylase has been extracted from the rabbit sciatic ncn’c. A 
solution prepared from 1 gm. of these nerve fibers forms 70 to 00 7 of 
acetylcholine per hour as compared with 150 to 200 7 per hour in solutions 
prepared from rat or guinea pig brains. 

The presence of the complex cnergy'-requiring enzyme system in the 
nerve axon, i.e. that part of the netiron which dor!S not eonUiin nerve end- 
ings and cell bodies, is further support for the n'wimption that acetyl- 
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choline niuj' not only be essentinl for the transmission of the nerve impulse 
across the synapse but also for its propagation along the axon. 

In the degenerating nerve fiber the enzyme activity decreases slowly. 
48 hours after section only 20 to 25 per cent of the initial activity is lost. 
At that time conductivity is still possible. 72 hours after section, when 
conductivity has di.sappeared, the enzyme activity has decreased by two- 
thirds. No enzyme was found 6 days following section. The results are 
consistent with the assumption that the release of acetylcholine is associ- 
ated with conductivity. 
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REVERSAL OF THE ACTION OF PHENYL PANTOTHENONE BY 
CERTAIN AJ^HNO ACIDS 

Bt D. W. WOOLLEY* 

{From the Laboratories of The Rockefeller Institute for Medical Research, Xerr I ork) 
(Received for publication, Febniarj" 16, 1946) 

Phenyl pantothenone, the phenyl ketone analogue of pantothenic acid, 
has been shotvn to cause inhibition of microbial growth, and this action 
has been found to be reversible competitively bj' pantothenic acid (1). 
However, the antagonism exerted by pantothenic acid occurred only in the 
case of organisms which were stimulated to grow by that vitamin; those 
species which synthesized their own supply of the growth factor were not 
protected against the toxic action of phenyl pantothenone by the vitamin. 
A study has now revealed that there is in natural products something which 
ivill antagonize the action of phenyl pantothenone in these latter species. 

Attempts were made to isolate and identify this active constituent of 
natural products, for it was hoped that a knowledge of its nature might 
furnish some clue to the mode of action of pantothenic acid. A survey 
showed that one of the best sources of the factor was an acid hydrolysate of 
casein. Fractionation of this material indicated that potency resided in 
the butanol residue after repeated extraction of an aqueous solution, and, 
since arginine, histidine, lysine, glutamic acid, aspartic acid, serine, threo- 
nine, and glycine are known to occur in such a fraction, these amino acids 
were tested for their ability to reverse the antimicrobial action of phenyl 
pantothenone. 

Some of these amino acids were active in this regard. Histidine was the 
most effective, but, since it was rather toxic for the test organism, there 
was only a narrow range between effective and toxic doses. Glutamic acid 
was quite active and proline, glycine, aspartic acid, or aspara^e was less 
so. Alanine, lysine, serine, or threonine showed some activity, but the 
remaining known amino acids were unable to protect against the inhibition 
caused by phenyl pantothenone. Those amino acids which were effective 
were each about as potent singly as in combination with each other. 

EXPERUIEXT.VL 

Method of Assay — ^The synthetic basal medium used previously (1) for the 
growth of Saccharomyces cerevisiae was supplemented with 0.14 y of calcium 
pantothenate and 160 y of phenyl pantothenone per cc. In this medium 
little if any growth of Saccharomyces ccrcoisiac occurred under the condi- 

* With the technical assistance of Ruth A. Brown. 
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tions of assaj", but, if tlin phenyl pantothenono was omitted, verj' good 
multiplication resulted (sec Table I), As reported earlier (1), additional 
amounts of pantothenic acid were unable to nullify the action of phenyl 
pantothenone in this basal medium. The inoculum and conditions of 
incubation and the manner of estimating growth were the same as used 
before. Time of incubation was 20 to 24 houi’s. Materials to be assayed 
Avere added in graded doses to this basal medium, and, if growth occurred 
Avhen this was done, it was concluded that an antagonist to phenyl panto- 
thenone was present. 

Natural Occurrence of Anlaqonisis to Phenyl Pantothenone As Measured 
\oith Saccharomyccs ccrevisiac — Bacteriological broth or peptone caused 
complete reversal of phenyl pantothenone inhibition of growth at about 
5 mg. per cc. of culture. Liver e.\‘tract had appro.Yimateb’’ the same po- 


Tabli: I 

Effect of Giutamic Acid on Gfotclh of Saccharomijcrs crrensiac in Prceence of .Phenyl 
Pantothenone and Pantothenic Acid 


rf’Glutamic acid 

1 

Phenyl pantothenone 

Turbidity* 

mg. per fc, 1 

r per ec. 


0 

0 

42 

0 

160 

98 

0.4 

l‘60 

98 

0.8 

160 

94 

1.6 

160 

64 

3.3 

160 

41 

1.6 

0 

29 

0.4 

0 

31 


* Expressed as per cent of the incident light transmitted. 


tency, Avhile “tryptone”- tvas about twice as effective. An acid hydrolysate 
of Adtamin-free casein gaA^e half ma.vimal rcA^ersal at 1.2 mg. per cc., and 
complete counteraction at 2 mg. 

Fractionation of Casein Hydrohjsaie — When acid-hj'^drolyzed casein 
(S. M. A. Corporation) in 5 per cent solution at pH 6 AA'as e.\tracted ten 
times AA'ith butanol, the e.xtracted material Avas found to be inactive AA’hen 
tested at a level equivalent to an e/fectiA^e dose of the starting material, 
AA’hile the butanol re.sidue contained all the activity. Phosphotungstic 
acid divided the actiA'ity bet\A'een precipitate and filtrate. Ionic e.vchange 
resins (Amberlite), designed for the removal of bases, adsorbed only part 
of the active material from solution. These facts suggested that a mixture 
of amino acids might be involved, and that the butanol-e.xtractahle acidf 
AA'ere not primarily responsible. These suppositions AA-ere shoAA-n to be 
correct by tests AA’ith pure compounds. 
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Reversal of Adion of Phenyl Pantolhcnone hy Various Amino Acids — Ij 
Table II are listed the amounts of the various amino acids which causei 
half maximal stimulation of growth (r.e., half maximal reversal) in th 
presence of phenjd pantothenone. Histidine was the most active, hu 
levels above 1.6 mg. per cc. of culture were completely inhibitoiy of gron-tl 
of Saccharomyces cerevisiae even in the absence of phenyl pantothenone 
In view of this fact, glutamic acid was the most suitable reversing agent 
The dl form possessed just half of the activity of the opticaUj* active acid 
This also was true of proline. 

The antagonism between phenyl pantothenone and glutamic acid couk 

Table II 

Effect of Various Amino Acids on Growth of Saccharomyces cererisiae Inhibited bj 
Phenyl Pantothenone 

The tests were performed in the presence of 160 . y of phenyl pantothenone and 
0.14 y of pantothenic acid per cc. 


Amino add 

Amount required 
for l^U 

mixim&l growth 

Amino acid 

Amount required 
for half 

maiimal growth 

1. Glycine 

ng. ptr cc. 

2.6 

12. I-.4spartic acid 

ns. per ce. 

2.5 

2. df-.Manine 

>3.0* 

13. I-.^paragine 

2.5 

3. dljValine 

No effect at 3.4 

14. d-Glutamicacid 

1.2 

4. di-Isoleucine 

3.4 

15. df-Glutamicacid 

2.4 

5. di-Ijcucine 


16. i'ProUne 

2.3 

6. dl-Phenvlalaninc 

“ “ 3.4 

17. di-Methioninc 

No effect at 3.4 

7. dl-Serine 

>3.0 

18. l-Cystine 

3.4 

8. dl-Threoninc 

>3.0 

19. dl-Tryptophane 

“ “ 3.4 

9. d-Arginine 

No effect at 3.4 

20. I-TjTosine 

“ “ “ 3.4 

10. d-Lysine 

>3.4 

(7 -t- 8 -f- 12 -i- 14) 

1.3 

11. l-HisUdine 

0.26 

(1 -f 2 -b 16) 

2.4 


* This denotes some activity but indicates that half maximal growth was not 
produced by the greatest concentration of amino acid tried. 


be demonstrated only over a hmited range of concentration. For example, 
half maximal effect was noted with 0.12 mg. of the glutamic acid in the 
presence of 80 y of the vitamin analogue, and ndth 1.2 mg. of the acid in the 
presence of ICO 7 of the analogue. A point was soon reached (as the con- 
centration of phenyl pantothenone was raised) beyond which it was not 
possible to cause reversal. For example, vrith 600 7 of phenjd pantothe- 
none no detectable effect was produced by 5 mg. of glutamic acid. 

The results of the tests were complicated because of the fact (2) that 
manj' of the amino acids caused slight acceleration of growth of Saccharo- 
myces cerevisiae in the basal medium in the absence of phenjd pantothenone. 
However, the concentrations needed for maximal growth-promoting effect 
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were much less than those involved in the rc\’crsal of the action of phenyl 
pantothenone (see Table I). It was therefore possible to exclude this cause 
of error by' additions of small amounts of a given amino acid to the test 
medium. 

AniagoTiism between Amino Acids and Fhcnyl Pantothenone in Lacto- 
bacillus casci — Since the antagonism between amino acids^and phenyl 
pantothenone had been establi.shed with an organism which did not require 
preformed pantothenic acid in the growth medium, experiments were 
done to determine whether similar relationships held for species which 
needed this vitamin, and in which competition between phenyl panto- 
thenonc and pantothenic acid could be demonstrated. Trials with L. casei, 
one of this second class of species, showed that the situation was much like 
that with Saccharomyccs ccrevisiac in that glutamic acid and glycine re- 
duced the toxicity of phenyl pantothenone, and that the former amino acid 


Taulk hi 

Effect of GhUamic Acid on Inhibition of Growth of Lactobacillus casci. Caused 
by Phenyl Pantothenone 


d-Glutamic acid 

Phenyl pantothenone required to cause half 
maximal inhibition 

mg. per ee. 

y per ee. 

1.2* 

18 

3.2 

22 

5.2 

34 

9.2 

36 


* This was the amount of glutamic acid contained in the basal medium. 


was more active in this respect than was the latter. The tests were con- 
ducted by determining the amount of the inhibitor (phenyl pantothenone) 
which would cause half maximal inliibition of grott^th in the presence of 
vaiying amounts of the amino acid. The medium and procedure involved 
have been described (1). Glutamic acid was present in the basal medium, 
since L. casei failed to grow without it (3), but additional quantities of this 
amino acid decreased the toxicity of phenyl pantothenone (see Table III). 
Complete revemal of the effect of a fully growth-suppressing dose of the 
inhibitor could not be achieved by glutamic acid. This was in contrast to 
the results vdth Saccharomyccs cerevisiae. 

DISCUSSION 

The antagonism between the vitamin analogue, phenyl pantothenone. 
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and the structurally dissimilar amino acids such as histidine, glutamic acid, 
and proline illustrates a phenomenon whieh Is not unique in the relation- 
ships of metabolites and their competing analogues. For example, the 
action of the sulfonamides is reversed by the analogous metabolite p-amino- 
benzoic acid, but also by the structurally dissimilar amino acid methionine 
(4), or by adenine (5). Furthermore, the biological effects of 3-acetyl- 
pyridine are negated by the related metabolite nicotinic acid, but just as 
well by the unrelated amino acid tryptophane (6, 7). In like manner, the 
manifestations produced by glucoascorbic acid are prevented by ascorbic 
acid in guinea pigs (8), and bj' a substance in certain plants (9). This 
material appears to be of protein or peptide nature, since it is destroj-ed by 
proteolytic enzj’mes (unpublished data). The situation with glucoascorbic 
acid Ls similar to the one with phenyl pantothenone, for in both cases the 
inhibitor was reversed in its action by the related vitamin only in those 
species which were unable to synthesize their own supply of the \'itamin; 
for those that could perform this sjmthesis, the effects of the inhibitor could 
be antagonized only by the structurally dissimilar substance. 

From these examples it appears that, in general, inhibitorj' structural 
analogues, which behave competitively with their related \’itamin'or other 
metabolite, may be antagonized in their aetion by .structurally dissimilar 
natural substances as well as by the structurally related metabolite. Fre- 
quently the,se other antagonists are amino acids. 

StFXLU.\RY 

The antimicrobial action of phenyl pantothenone, a structural analogue 
of pantothenic acid, was reversed by certain amino acids. This antag- 
onism with amino acids was found with all species e.\'amined, while, as was 
known premomsly, the antagonism with pantothenie acid was operative 
only in those organisms which were stimulated in growth by the \’itamin. 
For Saccharomyces cercvisiae, histidine was the most active amino acid in 
causing reversal of the inhibition of growth produced by phenyl panto- 
thenone. Glutamic acid was next in line of activity, while proline, aspartic 
acid, asparagine, and glycine were less effective. Some potency was dis- 
played by serine, threonine, alanine, and lysine but other amino acids were 
not effective. Similarities of the relationship of phenyl pantothenone, 
pantothenic acid, and certain amino acids to that of the sulfonamides, 
p-aminobenzoic acid, and methionine, and of that of 3-acetylpyridine, 
nicotinic acid, and tryptophane have been pointed out. 
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THE RIBONUCLEINASE OF THE SOY BEAN 

I. ISOLATION OF THE ENZYME* 

By max SCHLAMOWrrZ and R/L. GARNER 

(F rom the Department of Biological Chemistry, Medical School, University of Michigan, 

Ann Arbor) 

(Received for publication, February 14, 1946) 

The hj'drolysis of nucleic acids by direct chemical methods is recognized 
as a rather unsatisfactory procedure for the preparation of nucleotides 
and nucleosides in that the mixtures obtained are difficult to separate and 
the yields of the desired products are low. Enzj'matic hydrolysis should 
prove applicable to this problem and has been used, with limited success, 
for obtaining degradation products of both ribonucleic and desoxjTibo- 
nucleic acids (1-4). 0\\ing to the difficulties attending the preparation of 
the necessary' enzjunes, however, enzymatic methods of hydrolj’.sis have 
not been widely used. 

The enzymes which effect the hydrolysis of the nucleic acids and their 
intermediate breakdown products have been grouped together under the 
name nucleases and, according to Levene and Medigreceanu (5) and 
Bredereck (6), fall into three classifications according to the substrates 
upon which they act. These are, respectively, the polynudeoitdases, the 
nucleolidases, and the nucleosidases. No attempt nill he made here to 
review the literature concerning the nucleases. It should be pointed out, 
however, that there is considerable confusion in this literature concerning 
the specificity and the nomenclature of these enzjTnes. Thus, the active 
agent which effects the rupture of the ribonucleic acid molecule without 
the release of inorganic phosphate has been referred to by various workers 
as rihonudeodepolymerase (7), ribonudease (8), polynudeotidase (9), ribo- 
nudeinase (10), and even as nudeolidase (11).* Some of this confusion 
arises naturally from the fact that the enzyme preparations were not pure 
and exhibited different degrees of specificity. There has been no recent 
and systematic investigation of the nucleases from the point of \iew of 

* A part of a thesis submitted by Max Schlamovritz to the Graduate School of the 
University of Michigan in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy. 

‘ In this paper we have used the term nudease activity as indicative of the presence 
of enzymes which promote the hj'drolysis of ribonucleic acid with the formation of 
inorganic phosphate. The term rihonucleinase is used to designate an cnzj'me which 
brings about the formation of degradation products of ribonucleic acid in which the 
phosphorus is retained in organic combination. For a justification of this name see 
Loring and Carpenter (10). 
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modern enzyme and protein chemistry and, Avith tlie exception of the 
ribonucleinasc of the pancreas wliicli ims been obtained by Kunitz (8) 
in a crystalline form, no member of the nnclenscs has been prepared in a 
Avell defined state of purity. 

This paper presents the results of the first of a series of studies in Avhich 
it is planned to isolate and, if po.ssible, to purify the components of a sys- 
tem of nucleases. The purpose of the research is tAVofold: to study the 
chemical composition and specificity of the enzymes, and to attempt their 
preparation in a quantit}' sufficient to .serve for fairly large scale h 3 'drolyses 
of ribonucleic acid. 

The starting point of the investigation wjus the selection of a source of 
the enzymes. In 1930, Jono (12) reported that the seeds, stems, and 
leaves of a number of plants contained nucleases. Among the species in- 
vestigated, the common soy bean c.vhibited a comparativ^ely' high activiti’ 
in the hydrolj^sis of ribonucleic acid. The nuclease activitj’- vas cAudenced 
by the increase of inorganic phosphate in the mixtures of the ribonucleic 
acid and extracts of the beans. Since the soy bean is readily available in 
quantity, it AA’as decided to reinA'cstigate this reported nuclease actiA’ity. 
In so far as it has been po.ssible to determine, there has been no mention 
in the literature of the soj' bean nuclease apart from this initial report. 

Our first experiments confirmed the finding that extracts of germinated 
soy beans AA’ere capable of promoting the hydrolysis of ribonucleic acid. 
A number of attempts AA’cre made to purifj’' and to eoncentrate this nuclea.se 
activity but these AA-ere uniformly unsuccessfid in that they led to prepara- 
tions AA’hich exhibited no greater actiAuty than did the original crude ex- 
tracts. Frequently the activity' AA-as entirely' destroyed by relatively mild 
treatment. The techniques employed in these experiments included 
precipitations AAuth organic solvents, .salting-out procedures, and attempts 
to adsorb and ehite the activity AA'ith A'arious inert adsorbents. These 
experirnents AA'ill not be reported in detail here, as they led to little informa- 
tion concerning the nuclease acthdty'. 

In order to explain these failures to concentrate the nuclease actmty, 
it AA’as assumed that the observed breakdoAATi of the ribonucleic acid might 
be due to the combined actions of more than one enzyme. Subsequent 
studies haA’e proA'ed the presence of tAA’o enzymes in the crude e.xtracts. 
The first of these has been identified as a rihonuclcinasc AA’hose action is 
to conA'ert ribonucleic acid into products AA-hich are soluble in glacial acetic 
acid but AA'hich retain the phosphorus of the substi-ate in organic combina- 
tion (10). The second enzyme is responsible for the formation of the in- 
organic phosphate in the substrate-extract mixtures and is believed to be a 
phosphomonoeslerase. It has not been aa’cII studied, as it is destroyed in 
the course of the isolation of the nucleinase. 
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Ribonuclemase has been isolated in a crystalline form from pancreatic 
tissue (8) and has been detected in blood (13), bone marroi\ (14), spleen 
(14), and Pastcurclla pestxs (15) We have now demonstrated its occur- 
rence in the higher plants by the preparation of highly active solutions 
from soy bean seedlings From tins pattern of distnbution it might be 
concluded that ribonucleinase is an important agent in mtercellular metab- 
olism The products of its action upon nbonucleic acid are, honeier, not 
definitely known (15) and its physiolopcal function withm the cell must 
be clarified by further research. 

The uork reported here is primarily concerned mth the proof of the 
occurrence and the isolation of the nuclemase. The preparation of the 
enzjTne m larger quantities and the more detailed mvestigation of its re- 
action characteristics are m progress in thrs laboratory and will be the 
subject of a later communication. 

EXPERIUEVTAL 

Malenals — The nucleic acid used m these studies was a commercial 
preparation of yeast sodium nucleate.’ In the earher e\penments this 
material uas used without punfication Later it was found that the 
preparation contamed matenal, presumably of the nature of mononucleo- 
tides, which inhibited nuclemase actmty For all subsequent work, there- 
fore, the yeast sodium nucleate was comerted mto ribonucleic acid and 
punfied accordmg to the procedure of Kunitz (8). After this work was 
completed and w as bemg prepared foi pubhcation a report by Zittlc (16) 
appeared w hieh emphasizes the presence of nuclemase-inhibitmg substances 
m some of the commercially a^all3ble nucleic acids 

The soy' beans were a common \anety of field beans, Gbjcinc htspxda 
lar Manchu ’ The beans were sprouted under conditions which dis- 
couraged mold growth and the seedlmgs were macerated and evtracted 
with a 40 per cent solution of glycerol The following procedure has been 
found satisfactory for the sproutmg of the beans and the preparation of 
the extracts 

A weighed quantity of the soy b4ans was washed with a 0 05 per cent 
solution of calcium hypochlonte They were thoroughly- nn=cd with 
distilled water and permitted to stand in water oiemight The swollen 
beans were again washed with the calcium hypochlonte solution and 
thoroughly iinsed with distilled water They were then placed m wide 
mouth reagent jars, each of which recehed approximately 150 gm of the 
swollen beans The jars were closed with a double lay-er of cheese-cloth 

’ Wc wish to express our appreciation to Standard Brands Incorporated for their 
gift of the jeast sodium nucleate and to the Ferry Morse Seed Company who kindly 
furmshed the soy beans used in this investigation 
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and Averc supported in an inverted position to facilitate drainage of excess 
water. The germination was carried out in a dark room at a temperature 
betAveen 20-25°. At approximately 8 hour intervals, the jars Avere filled 
AA’ith Avater and emptied, a procedure Avhich served to maintain a moist 
atmosphere and to Avash out developing bacteria. After 96 hours the 
sprouts AA'ere betAA'ecn 3 and 4 cm. in length. Under the conditions de- 
scribed a germination of nearly 100 per cent AA'as obtained and no mold 
groAA'ths or other visible contaminations AA'ere encountered. 

The sprouted beans AA'ere removed from the jars and Aveighed. They 
Avere then mi-xed AA'ith glycerol and AA'ater in proportions AA'liich Avere calcu- 
lated in the folloAving manner. Each 100 gm. of the dry beans AA-efe to be 
extracted Avith 750 ml. of 40 per cent glycerol. Since a considerable por- 
tion of the required AA'ater had been absorbed by the beans in the course 
of the germination process, the difference betAA'een the weights of the dry 
and germinated beans AA'as subtracted from the calculated water require- 
ment. The exact procedure is illustrated by a typical example. 

Dry beans, 500 gm., Avere calculated to require 3750 ml. of extraction 
medium to be composed of 1500 ml. of glycerol and 2250 ml. of AA'ater. 
The AA'eight of the sprouted beans AA'as 1550 gm., of AA'hich 1050 gm. AA'ere 
AA'ater absorbed in the process of germination. The sprouted beans AA'ere, 
therefore, mixed AA'ith 1500 ml. of glycerol and 1200 ml. of Avater. This 
mass AA'as thoroughly homogenized in a Waring blender and placed in the 
refrigerator for 48 hours. The fluid AA'as then pressed out through cheese- 
cloth and the extract AA'as centrifuged. The heavy, cream-colored super- 
natant fluid Avas covered Avith toluene and stored in the refrigerator. This 
material is referred to as the cnide extract from AA'hich all subsequent enzyme 
preparations AA'ere derived. IVhen preserved as indicated, it retains its 
activity for many months. 

Methods — The nuclease activity of the various preparations AA'as measured 
by the determination of the increase of inorganic phosphate in the mixtures 
of the extract and ribonucleic acid. Since some of the degradation products 
of the ribonucleic acid react AA'ith molybdic acid, it AA'as necessary to carry 
out a preliminary precipitation of the phosphate before it Avas determined 
by the Fiske-SubbaroAV method (17). 

A 5 ml. aliquot of the enzyme-substrate mixture AA'as pipetted into 5 ml. 
of a 20 per cent solution of trichloroacetic acid contained in a conical centri- 
fuge tube. The mixture AA'as stirred for several minutes and AA'as centri- 
fuged. An appropriate aliquot of the supernatant fluid, usually 5 ml., Avas 
mixed AA'ith 5 ml. of magnesia mixture (18), and the acidity of the solution 
Avas adjusted to pH 5.5 by the careful addition of concentrated ammonium 
hydroxide. 1 ml. of the ammonium hydroxide in excess AA'as added and 
the mixture Avas placed in the refrigerator for 24 hours. The ammonium 
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magnesium phosphate was centrifuged and was washed once Rith 1.5 ml. 
of ice-cold 2 per cent ammonium hydroxide. The washed precipitate was 
dissolved in 1 ml. of the acid solution. Molybdate II, of Fiske and Subbarow 
(17) and the solution R-as quantitativelj' transferred to a 25 ml. volumetric 
flask. The aminonaphtholsulfonic acid solution (17) was added and the 
solution RRs made up to volume. After 5 minutes the intensity of the 
color was determined Avith a photoelectric colorimeter. 

The determination of ribonucleinase actmty was based upon the fact 
that the intact nucleic acid molecule is precipitated by glacial acetic acid, 
whereas the products of nucleinase action are soluble in this reagent (8, 15). 
Aliquots of the material to be analyzed were pipetted into 5 times their 
volume of glacial acetic acid. The mixtures were filtered and the total 
phosphorus in the filtrates was determined bj' the perchloric acid method 
of King (19). The increase in the total phosphorus soluble in glacial acetic 
acid, appropriately corrected for the controls, was a convenient measure 
of the ribonucleinase activity. 

Expression of Enzyme Activity — ^As no detailed study has been made of 
the phosphomonoesterase, the nuclease activity of the crude extracts has 
been expressed simply as the increase in phosphate phosphorus per ml. of 
the incubation mixture. 

The nucleinase unit employed in the later experiments is defined as that 
amount of the enzyme which nill bring about an increase of 1 mg. of acid- 
soluble phosphorus in 24 hours in a mixture of the enzjme and a 1.0 per 
cent solution of ribonucleic acid at pH 6.2 at 30°. The total nitrogen of 
each enzjTne solution was determined by the micro-Kjeldahl mettod (20) 
and the amoimt of an enzyme preparation used in a particular experiment 
is expressed in terms of its content of nitrogen. Willstatter and Kuhn 
(21) have emphasized that the expression of the concentration of an enzyme 
should be in terms of the number of units contained in a ^ven amount of 
the preparation, a quantity which they term the enzyme value. We have 
calculated our results in terms of the ribonucleinase value which L= defined 
as the number of ribonucleinase units per mg. of nitrogen present in the 
enzyme preparation. The ribonucleinase value affords a convenient baris 
for the comparison of the activity and degree of purity of the variou.® en- 
zyme preparations. 


Results 

Nuclease Activity of Soy Bean Extracts — The selection of germinated soy 
beans as the better source of the nuclease activity was made upon the basis 
of a comparison of the activities of e.xtracts of dormant and sprouted beans. 

Two enzyme solutions were prepared. The first was a 40 per cent 
glycerol extract of 5 gm. of finely groimd soy beans. The second was a 
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40 per cent glycerol extract of 6 gm. of beans which had been sprouted in 
tlie manner riescribed above. The volumc.s of the two extracts Avere ap- 
pro-vimatcly equal. Duplicate c.vpcriments were set up in which 2 ml. of 
the appropriate extract, were mixed Avith 40 ml. of a 1.0 per cent solution 
of yca.st sodium nucleate in 0.02 m citrate buffer of pH G.2. Control tubes, 
tAA'o of AA’hich contained onlj' the enzyme solutions and the third of Avhich 
contained the buffered substrate alone, A\'crc incubated simultaneously AA-ith 
the e.xperimental mixtures at 30°. At approximate!}' 24 hour interA'als ali- 
quots of the various solutions AA’crc AAuthdraAATi and analyzed for their content 
of inorganic phosphate in the manner AA'hich has been described. The results 
of the anal}jges were calculated in terms of increa.ses in inorganic phos- 



Fio. 1. Comparison of the nuclease activities of dormant and sprouted soy beans 

phate per ml. of solution, appropriately corrected for the changes obsert'ed 
in the control tubes. 

The results of the experiment are presented in Fig. 1. It is evident 
that the crude extract of the sprouted beans contained a considerably 
greater nuclease activity than did the extract of the dry beans. It is not 
implied that the enzymes present in the tAVo extracts are identical; the 
experiment merely indicated that germinated beans contained a greater 
concentration of nuclease activity and for this reason subsequent AA'ork 
Avas carried out upon the sprouted beans. 

D$monstralion of Dual Nature of Nuclease System — It AA'as mentioned 
in an earlier paragraph that the usual methods for the concentration of 
enzyme solutions Avere not applicable to the purification of the nuclease 
activity of the crude soy bean extracts. In the course of these attempts to 
purify the extracts, hoAvever, it AA'as observed that the trichloroacetic acid 
filtrates prepared from the control tubes AA’hich contained only ribonucleic 
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acid were usually turbid, whereas the corresponding filtrates from the 
experimental mixtures were frequently clear. Although the turbidity 
interfered in no way with the determination of the inorganic phosphate, 
consideration of the phenomena led to the conclusion that the turbidity 
was due to the precipitation of unaltered ribonucleic acid in a verj* finely 
divided form. The fact that the filtrates from mixtures which contained 
the enzjTne preparations were frequently clear led to the speculation that 
the ribonucleic acid had been altered by the extracts, although nuclea.«e 
activity was not evident from the results of the analyses for inorganic 
phosphate. 



Fio. 2. Comparison of the nuclease and ribonucleinase activities of soy bean 
extracts. 

Accordingly, an experiment was set up in which each aliquot of the 
ribonucleic acid-soy bean extract mixture was analyzed for acid-soluble 
phosphorus as well as for its content of inorganic phosphate. The details 
of the experiment were identical with those described above for the detec- 
tion of the nuclease actmty of the extract of the germinated seeds. The 
results are presented in Fig. 2 from which it is exddent that the extract was 
capable of forming acid-soluble phosphorus from the ribonucleic acid at a 
greater rate than it released inorganic phosphate. The exp)eriment was 
considered as indicative of the presence of two enzymes in the crude extract, 
one of which was responsible for the increase in the acid-soluble phosphorus, 
and the second for the formation of the inorganic phosphate. 

Isolalion of Ribonucleinase — A number of orientation experiments were 
carried out in an attempt to determine the best method for the separation 
of the two enzjmes. It was found that the phosphomonoesterase activitj' 
was sensitive to acid, whereas the ribonucleinase actixdty was not only 




494 


SOY DKAN ninOMfCLEINASI, 

f 

stable to acid but was also moderately resistant to inactivation by heat.’ 
The following procedure has scrv'cd to prepare ribonucleinase solutions of 
a good degree of activity. 

The crude glycerol extract of the sprouted soy beans, 1500 ml., was 
diluted with an equal volume of water and the acidity adjusted to pH 4.0. 
The solution was placed in the refrigerator for 3 hours and was then partially 
neutralized by the addition of concentrated ammonium hydroxide to pH 
4.8. The preparation’ was placed in the refrigerator for 12 hours and was 
then centrifuged. The precipitate was discarded. The solution was 
placed in cellophane bags and dialyzed against cold, , running dis- 
tilled water for 48 hours. The preparation was removed from the 

Table I 

Activity of Concentrated Ribonucleinase 

1 ml. of the concentrated enzyme was added to 20 ml. of each substrate. Com- 
mercial substrate refers to a 1.0 per cent solution of the j'east sodium nucleatein 
0.02 ju citrate buffer of pH 6.2 and the purified substrate refers to a 1.0 per cent 
solution of reprecipitated ribonucleic acid which had been neutralized with sodium 
hydroxide and made up in the citrate buffer. The experimental and control tubes 
were incubated at 30°. The values listed arc in terms of micrograms of phosphorus 
per ml., appropriately corrected for the controls. 


Incubation time 

Substrate 

N’ucicase activity (inor- 
ganic phosphate) 

Ribonucleinase aclU ily 
(acid-soluble phosphorus) 

hrs. 

0 

1 

Commercial 

0.0 

0.0 

0 

Purified 

0.0 

0.0 

24 

Commercial 

34.2 

270 

24 

Purified 

9.0 

470 

48 

Commercial 

52.5 

292 


dialysis sacs and was filtered from the slight sediment which had formed 
in the course of the dialysis. The filtrate was concentrated in vacuo 
to a volume of 380 ml. During the concentration the temperature was 
not permitted to go above 30° and the pressure varied from 12 to 17 
mm. of mercury. The resulting solution has been designated the con- 
centrated ribonucleinase solutit^n. 

Solutions prepared in this manner e.xhibited strong ribonucleinase ac- 
tivities and contained most of the enzyme present in the original crude 
extracts. The removal of the phosphomonoesterase activity \vas more or 
less complete, as evidenced by the low values which were obtained in the 
assays for nuclease activity. 

’ The ribonucleinase of the pancreas has been shown to be remarkably stable to 
heat inactivation (8, 22). 
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In the course of the determination of the actmty of these concentrated 
ribonucleinase solutions, it was observed that the commercial 3-east sodiiun 
nucleate contained material which inhibited the action of the nucleinase. 
An illustration of this inhibition is seen in Table I in which the assa3' of 
one preparation of the ribonucleinase was made against the commercial 
substrate as well as against a sample of purified ribonucleic acid. The.se 
data not onl3' show the inhibition of the ribonucleinase but alsoindicate 
that this material, presumabl3' of mononucleotide nature (16), leads to an 
enhanced value for the monophosphatase actmt3'. This latter effect is 
possibh- due to the fact that the presence of mononucleotides in the sub- 
strate furnished material upon which the monophosphatase acts readil3'. 
In all subsequent work the substrate of choice was the purified ribonu- 
cleic acid. 


Fracticmation of Concentrated Ribonucleinase by Precipitation tcith 
Ammonium Sulfate 

Concentrated nucleinase 

I Make 0.5 saturated mth filter 


i 

Filtrate 

|DiaIj’ 2 e 36 hrs. 

Fraction B 

1 Make 05 saturated with 
filter; dis- 
card filtrate; dissolve 
ppt. in water; make 
0.45 saturated with 
(NH<)!S 04 ; filter 


I 

Ppt. 


Dialyze 36 hrs.; dissolve 
in water 


Fraction .•! 

I Make 05 saturated 
with (NH.)..SO,; 
I filter 


i 

Ppt. 


Dissolve in water; 
dialyze 36 hrs.; filter; 
discard ppt. Solu- 
tion is Frac/ion X 


i 

Filtrate 

Increase (XH4)rSO< con- 
centration to 0.S 
saturation; discard 
filtrate; dissolve ppt: 
in water; dialyze 4S 
hrs.; filter; discanl 
ppt. Solution is 
Fraclion 1’ 


Filtrate 

jDialyzc 4S hrs. 
Fraction C 

I Make 0.6 saturated with 
filter 


i 

Ppt. 


Dissolve in water; dialyze 4S hrs.; filter; discard ppt. 
Solution is Fraclion D 


Filtrate 

Increase {NH 4 );S 04 concentration 
to 0.8 saturation; filter; discard 
filtrate; dissolve ppt. in water; 
dialyze 48 hrs.; discard ppt. Solu- 
tion is Fraclion F 


l 

Ppt. 


Dissolve in water; dialyze 4S hrs.; 
discard ppt. Filtrate is Fraction 
K 
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Fzirtlicr Purijkation of Ribonudcinasr — nic concentrated ribonucleinasc 
solutions Avere further purified bj' fractional precipitation with ammonium 
sulfate. The accompanying .scheme .show.s this fractionation which con- 
sisted of the addition of ammonium sulfate to the desired concentration, 
removal of the precipitated jn-otein, dialysis of the filtrate and of the re- 
di.ssolved precipitate, and refractionation of the.se two solutions. All of 
these operations were carrietl out between 5-10°. The various fractions 
thus obtained were a.s.sayod for ribonucleinase activity in the usual manner. 

Tahlk II 

J)islribulio7i of Uiboiiiiclciiiase Activity between Fractions Obtained by Precipitation 

xoith Aniinoninm Sulfate 

The data suinnmrizo two oxi)oriinpntp, Xfw. I and II. The fractions refer to the 
preparations described in the selicine. The 8ul>3lrate was 20 ml. of 1.0 per cent solu- 
tion of purified ribonuelcic acid in 0.02 m citrate biifTer of pH 6,2. The enzyme was 
added to the substrate in quantities of 0.2 to 1.0 ml., depending upon the activity 
of the fraction. Enzyme concentrations are given in terms of micrograms of cfizyme 
nitrogen per ml. of the incubation mixture. The riljonucleinasc activity figures are 
in terms of micrograms of increased acid-soluble phosphorus per ml. of incubation 
mixture, appropriately corrected for the controls. The incubations were carried 
out at 30°. The significance of the ribonucleinase value is discussed in the text. 


Enzyme preparation 

En7.>me concentration 

Ribonucleinase 

activity 

Ribonucleinase 

value 

Experi* 
ment X 

Experi- 
ment 11 

Experi- 

ment! 

Experi- 
ment 11 

Experi- 
ment I 

Experi- 
ment n 

Concentrated enzyme 

d3 


470 


10.9 


Fraction A 

34.5 


231 


6.7 


“ B 

8.7 


296 


34.2 


“ X 

26.4 

52.7 

139 

179 

5.3 

3.4 

V “ 

59.5 

20.2 

461 

104 

7.7 

5.1 

“ C 


2.9 


315 


108.6 

D 

15.4 

59.9 

453 

434 

29.4 

7.2 

“ E 

5.6 

3.3 

460 

171 

82.1 

51.8 

“ F 

4.4 

1.56 

604 

373 

137.3 

239.1 


The results of typical fractionations of two preparations of the concen- 
trated nucleinase are .shown in Table II. It is evident that the separation 
of the enzyme from inert material is not particularly sharp and that the 
ribonucleinase activity is to be found in several of the fractions. The 
most active material is precipitated between the concentrations of 0.5 
and 0.8 saturation with ammonium sulfate and has been designated Frac- 
tion F. One preparation of Fraction F had a nucleinase value of 239. 
The corresponding value for the crude e.xtract from which this preparation 
was derived was not determined but calculations based upon the dry 
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weights of these erode extracts indicate that their nucleinase values are less 
than 1.0. It is reasonable to assume that a concentration ratio of at least 
240 has been eflFected. None of the fractions obtained by the ammonium 
sulfate precipitation exhibited a release of inorganic phosphate from the 
substrate. 

Tlie authors -wish to acknowledge the use of certain apparatus and equip- 
ment Avhich were made available to one of us (R. L. G.) by a grant from the 
Facult}' Research Funds of the Horace H. Rackham School of Graduate 
Studies. 


STTMM.AHY 

The nuclease sj’stem of the soy bean seedling has been shown to consist 
of two components, a ribonucleinase and a second enzj-me, believed to be a 
phosphomonoesterase. The ribonucleinase has been separated from the 
crude extracts and has been concentrated and partially purified. 

BLBUOGR-APHY 

1. Bielohowski, F., and Klein, W., Z. physiol. Chem., 207, 202 (19321. 

2. Klein, W., Z. physiol. Chem., 224, 244 (1934). 

3. Brcdercck, H., and Roth, G., Ber. chem. Ges., 71 B, 401 (1938). 

4. Bredereck, H., Martini, A., and Richter, F., Ber. chem. Ges., 74 B, 694 (1941). 

5. Levene, P. A., and Jlcdigreoeanu, F., J. Biol. Chem., 9, 389 (1911). 

6. Bredereck, H., in Nord, F. F., and.Woidcnhagen, R., Ergebnisse der Enzj-m- 

forschung, Leipzig, 7, 105 (1938). 

7. Schmidt, G., and I.€vcne, P. A., J*. Biol. Chem., 126, 423 (193S1. 

8. Kunitz, M., J. Gen. Physiol., 24, 15 (1940). 

9. Bredereck, H., and Mviller, G., Ber. ehem. Ges., 72 B. 1429 (1939). 

10. Ix)ring, H. S., and Carpenter, F. H., J. Biol. Chem., 160, 381 (1943). 

11. Bielchowski, F., and Klemperer, F., Z. physiol. Chem., 211, 69 (1932). 

12. Jono, Y., .4cta schol. vied, iiniv. imp. Kioto, 13, 162, 182 (19301. 

13. Bain, J. .A., and Rusch, H. P., J. Biol. Chem., 163, 659 (1944). 

14. Zittle,C..A., and Reading, E.H..J.Bfof. C/iem., 160, 519 (1945). 

15. Woodward, G., J. Biol. Chem., 166. 143 (1944). 

16. Zittle, C. A., J. Biol. Chem., 160, 527 (1945). 

17. Fiske, C. H., and Suhbarow, Y., J. Biol. Chem., 66, 375 (1925). 

18. Willard, H. H., and Furman, N. H., Elementarj- quantitative analysis, New 

York, 334 (1940). 

19. King, E. J., Biochem. J., 26, 292 (1932). 

20. Miller, L., and Houghton, J. \.,J. Biol. Chem., 169, 373 (1945). 

21. Willstiitter, R., and Kuhn, R., Ber. ehem. Ges., 66, 509 (1923). 

22. Jones, W., .Im. J. Physiol., 62, 203 (1920). 




AN IMPROVED MEDIUM FOR MICROBIOLOGICAL ASSAYS 
VUTH LACTOBACILLUS CASEI 

By ELIZABETH CUNNINGHAM ROBERTS and ESMOND E. SNELL 

(From The University of Texas, Biochemical Institute, and the Clayton Foundation for 
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(Received for publication, Februar 3 ' 21, 1946) 

Since its introduction as an assay organism for riboflavin (l), Lactobacillus 
casei has been widely used for the determination of this and other ^'itamins 
which it requires (2-6). Landy and Dicken (3) devised a single medium 
i\ith which responses to each of the six vitamins required by this organism 
Could he obtained. Experimental trial showed the medium to be lacking 
in substances which, though not essential, greatly stimulated growth of 
Lactobacillus casei. Because other special methods for which this was not 
so obidously true existed, the haore general method of Landy and Dicken 
has not been nidely used. 

Recent investigations have shown that tryptic digests of casein (7-9) 
and of other proteins (10) contain one or more unidentified substances which 
greatly stimulate growth of Lactobacillus casei. This knowledge has been 
applied to the development of an improved medium for this organism, 
which is described below, hlaximum growth on the improved medium 
is achieved within 16 hours; longer periods are required for maximum 
acid production. E.xcellent growth curves have been obtained in response 
to the addition of any one of five vitamins to the appropriate deficient 
medium. Results of a series of assays for riboflavin and folic acid indicate 
that the medium can be used successfully for the accurate estimation of 
these Y-itamins after a 16 hour incubation period. Similar determinations 
of biotin, pantothenic acid, and nicotinic acid appear possible, although 
such application has not been tested. 

EXPERIMENTAL 

Enzymatic Casein Digest — 120 gm. of pmified casein (Labco, “vitamin- 
free”) were dissolved by gradual addition, with shaking, to 2 liters of 0.8 
per cent sodium bicarbonate solution. To the uniform suspension thus 
obtained were added 600 mg. of pancreatin suspended in 15 to 20 cc. of 
distilled water. The mixture was covered with a thin layer of toluene, 
shaken well, and allowed to stand for 48 hours at 37°. It was then placed 
in the autoclave and heated in flowing steam for 20 to 30 minutes to remove 
the toluene. .After cooling to room temp)erature, the solution was adjusted 
to pH 6.0 by addition of glacial acetic acid (about 7.0 cc.), and filtered with 
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mild suction. To the filtmtc were added (50 gm, of activated charcoal 
(Darco G-GO); the mixture was stirred for 30 minutes, then filtered with 
.suction. The filtrate, which often contained small amounts of colloidal 
charcoal, was now adjusted t o jiII 3.8 with glacial acetic acid (about 75 cc.), 
stirred for 30 minutes with 24 gm. of activated charcoal, and filtered. The 
filtrations are aided by the use of Filter-Cel. The residue from each filtra- 
tion was washed ndth 50 to 75 cc. of water; the washings were added to the 
filtrate. 


Taid.i: I 


Composition of Complete liasal Medium* 


Component 

Amount per 10 cc. 
fmal medium 

Component 

Amount per 10 
cc. final medium 


cc. 


T 

c.asein digest 

4 (o 

200mg.| 

cnsciiO 

mg. 

7>-Aminr>bcn7.oic acid 

1 

Sodium ncctatef 

200 

Biotin 


KHjPO, 

25 

Calcium pantothenate 

1 5 

KjHPO, 

25 

Folic acid 


Glucose 

200 

Nieoliniu acid 

5 

Cystine 

1 

Pyridoxine hydrochloride! 

10 

Uracil 

100 

Riboflavin 

5 

Adenine .snlfa'te 

inn 

Thiamine liydroehloride 

5 

Guanine hydrochloride 

100 

Salts C§ 

0.2 


* For use in assays, tiie appropriate vitamin is omitted from the medium, 
t When the c.asein digest is prepared as described in the text, it contains l)ic 
proper amount of sodium acetate; no further additions should be made, 
t Pyridoxamine (2 y) or pyridoxal (1 y) may be substituted for pyridoxine. 

§ The solution of S.alts C has the following composition: MgS0,-7H20, 10 gm.; 
XaCl, 0.6 gm.; FeS0<-7H20, 0.5 gm.; MnSOi-4H:0, 2.0 gm.; water to make 250 cc. 
It differs quantitatively from Salts B used in previous assay media. 

The.se charcoal treatments serve to remove traces of the various ^^tamins 
which are present in the initial digest. The final clear filtrate was diluted 
to 2.4 liters (1 cc. = 50 mg. of casein). Dry weight determinations on 
small aliquots of each lot of ca.sein digest prepared in this waj" showed 40 
to 45 mg. of solids actuallj'- present per cc. of solution. If markedly lower 
amounts are obtained, the preparation should be repeated. 

Basal Medium — The composition of the basal medium is shown in Table 
I. The vitamin to be determined is omitted from the medium. The 
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method used to obtain the final medium is immaterial. An efficient means 
for accomplishing this consists in preparing and keeping separately 
three stock solutions which are mLxed in the proper proportions just before 
use. These are as follows: (a) A solution containing the casein digest, 
sodium acetate, phosphates, cystine, and Salts C. This is prepared in 
lots of 2 liters at Urice the final concentration of the medium by adding 
to IGOO cc. of the casein digest solutions containing 10 gm. of KjHPOi, 10 
gm. of KH-POi, 400 mg. of cystine, and 80 cc. of Salts C. The mixture is 
neutralized (pH (i.8 to 7.0) wth 10 x NaOH and diluted to 2 liters. The 
sodium acetate thus formed brings its concentration to the proper level if 
acetic acid was used in the amounts indicated in preparing the casein 
digest. The solution was autoclaved for 10 minutes at 15 poimds steam 
pressure, then stored until used. Aliquots for use may be rrithdrami 
aseptically from this solution, or the residual solution may be reautoclaved 
after withdraw al of an aliquot. (6) A stock solution containing per cc. 1 
rag. each of adenine sulfate, guanine hydrochloride, and uracil. The solu- 
tion may be kept in the refrigerator under toluene for long periods, (c) 
A stock solution which contains per cc. sufficient of each \-itamin for fifty 
assay tubes. The vitamin to be determined is omitted from this solution, 
which is kept under toluene in the refrigerator. X fr&sh solution should 
be prepared at inter\-als not longer than 1 month. 

To prepare, for example, the medium for fifty assay tubes one mixes 250 
cc. of solution (a), 5 cc. of solution (5), and 1 cc. of solution (c). The addi- 
tion of 10 gm. of glucose completes the medium, which is twice the con- 
centration given in Table I. 

Stock Culture and Inoculum — Lactobacillus casei was carried as a stab 
culture in medium containing 1 per cent Difco yeast extract, 1 per cent 
glucose, and 2 per cent agar. Stabs were incubated at 37° for 24 to 48 
hours, then held in the refrigerator. Stock cultures were transferred at 
2 week inteiwals; stabs for daily use were prepared at the same time as 
needed. 

Inoculum tubes were prepared by diluting the complete double strength 
medium with an equal volume of water and dispensing this medium in 10 
cc. quantities to test-tubes of a size suitable for direct use in the centrifuge. 
These were plugged with cotton, sterilized, and stored until used. To 
prepare inoculum a transfer from a stab culture to a tube of inoculum me- 
dium was made. This was incubated at 37° for 16 to 24 hours before use. 

Assay Procedure — ^The procedure is similar to that commonly followed at 
present {e.g. (1, 2)) and need not be given in detail. Assaj's are carried 
out in 20 X 150 mm. lipless test-tubes. Suitable aliquots of the standard 
and sample solutions are added to the assaj- tubes and the volume adjustcfl 
with water to 5 cc. 5 cc. of the l“i.sal iridium (double strength) are then 
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added to each tube. The tubes are plugged with cotton or covered vith 
clean aluminum caps and sterilized in the autoclave at 15 pounds pressure 
for 10 minutes. More prolonged autoclaving should be avoided, since it 
partially caramelizes the sugar and produces a dark colored medium with 
inferior growth-promoting properties for Ladobacilhts casci. After cooling 
to room temperature, they arc ready for inoculation. 

The cells in a tube of inoculum, prepared as described above, are th^o^™ 
dovTi by centrifugation, and the supernatant liquid is removed aseptically 
and replaced by 10 cc. of a sterile .solution of sodium chloride (0.86 per cent). 
The cells are resuspended by shaking. A sufficient amount of this hea ^7 
suspension is added to a second 10 cc. portion of salt solution to give a sus- 
pension which is just visibly'' turbid. 1 drop of this latter suspension 
is added aseptically to each assay’- tube. These are incubated at 37° 
for 16 hours, if the turbidimetric method is used, or for 72 hours, if the 
acidimetric method is used. 

Measurement of Response — The medium and method described herein 
were designed especially for the rapid turbidimetric determination of vita- 
mins, particularly riboflavin and folic acid. Turbidity on the above 
medium has reached a maximum in 16 to 18 hours. At the end of this 
period the sedimented organisms are thorouglily suspended by shaking, 
and turbidity comparisons are made. Any reliable photoelectric color- 
imeter may be used for this purpose; an uninoculated tube of medium 
serves as the blank. The measurements are best made at a wave-length 
at which the medium shows little or no absorption {e.g. 660 m/j.). For 
the purpose of this paper, a calibration curve, relating galvanometer read- 
ings of the instrument used to the dry weight of cells obtained, was con- 
structed, and turbidity measurements are given in terms of the dry weight 
of cells. For routine use, this procedure is unnecessary; galvanometer 
readings or optical densities may be used directly. 

Acid production continues for considerable periods after turbidity ha.s 
reached a maximum; the customary 3 day-^ period of incubation was there- 
foi’e used when titrations were made. Titration mth brom-thymol blue as 
visual indicator is unsatisfactory because of the high buffer capacity of the 
medium. Electrometric titration to pH 6.8, with the assembly described 
by McQuarrie and Konen (11), was used with complete satisfaction. The 
addition of brom-thymol blue permits a rapid visual approach to the end- 
point, which is then determined exactly Avith the pH meter. 

Response to Pure Vitamins — GroAvth response of Lactobacillus casei to 
the addition of the pure vitamins, as Avas determined turbidimetrically' at 
the end of a 16 hour incubation period, is shoAvn in Figs. 1 to 5. The en- 
hanced groAAi;h-promoting poAA'ers of the ncAV medium are emphasized by 
the comparisons Avith other AA-id(?'y use4^ media for assay-^ of riboflavin and 
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folic acid given in Figs. 1 and 2. Acidimetric comparisons of these same 
media after 3 day incubation periods are given in Table If. With the 
longer incubation period, the superiority of the ne^v medium, although still 
evident, is less marked. The great apparent superiority in acidimetric 



Flo. 1. Comparative turbidimetric response of Ladohaeillui eatei to riboflavin 
n two media after 16 boors incubation. 



Fio. 2. Comparative turbidimetric response of Lacioiacillus eatei to vitamin B. 
(folic acid) in two media after 16 hours incubation. 

response to riboflavin on the netv medium is partially deceptive, since it 
contains twice as much sugar and has over 3 times the buffer capacity of 
the older medium («^. (12)). Acidimetric response to nicotinic acid, panto- 
thenic acid, and biotin on the new medium is shown in Table HI. Acid 
production per unit of added vitamin is superior in every case to that noted 
with previous media. 
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It is probable that the liigli “blanks” noted in the response to biotin and 
to pantothenic acid could bo lowered considerably by growing the cultures 
used for inoculum in the basal medium, supplemented with only a minimum 
amount of the vitamin in question. 



r NICOTINIC ACID 

Fig. 3. Turbidimetric response of Lactobacillus casci to nicotinic acid in the neiv 
medium (16 hours). 



Fig. 4. Turbidimetric response of Lactobacillus casci to pantothenic acid in the 
new medium (16 hours). 

Application to Determination of Riboflavin and Folic Acid — To test the 
applicability of the new medium, a number of natural materials were ex- 
tracted with acid by a standard procedure (13) and the extracts assayed 
for riboflavin. Parallel assays were made by the turbidimetric (16 hours) 
and acidimetric (72 hours) procedures, and the values obtained compared 
with those obtained on the same extracts by the method of Snell and Strong 
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(1). Essentially identical results were obtained ■sritb each procedure 
(Table lY); quantitative recoveries of added riboflavin rvere also obtained. 

No rigorously tested or widely accepted method for quantitative extrac- 
tion or determination of folic acid is yet available. For purposes of com- 



Fio. 5. Turbidimetric response of Lactobacillus casci to biotin in the new medinm 
(16 hours). 

Table II 

Comparative Acid Production in Response to Added Riboflavin and Folic Acid on Xea 

and Older Media 


Titrated after 72 hours incubation at 37”. 


Riboflavin added 

0.1 ^^addprodcced 

Vitzznia 

added 

0.1 K ac^ prodccsd 

Ncwmedixiin 

Snell-Stroas 

j Neiri-edins 

TepV-ElTeiijo 


yferlOee. 

cc. 

<c. 

vtiUinicre^Tans 
ferJO cc. 


cz. 

0 

0.30 

0.50 

0 


2.2 

0.02 

4.0 

1.7 

0.10 


4.6 

0.01 

6.2 

2.8 

0.20 


6.8' 

0.07 

8.3 

4.4 

0.40 


9.9 

0.10 

10.0 

6.2 

0.60 

12.8 

12.4 

0.13 

11.5 

7.8 

O.SO 

! 14.1 

13.7 

0.16 

12.9 

9.0 

1.0 

15.0 

14.6 

0.20 

14.3 

9.8 

2.0 

16.7 

16.7 


parison, the method of Teply and Elvehjem (6) and an e.xtraction pro- 
cedure involving digestion with taka.<iiastase and papain (14) were 
emploj-ed. It is recognized that the latter procedure does not give maxi- 
mum values for the folic acid content of many natural materials. 
A preparation of crystalline vitamin Be obtained from Parke, Davis and 
Company served as a standard. The results (Table ^0 essentially 
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identical with all of tlic procedures employed. With alfalfa, a pronounced 
drift in values with increasing level of the sample was obtained in both 

Taiu.b III 

Tilrhnclric Response of Laclobaeillus casei to Nieolinie Acid, Pantothenic Acid, and 

Riotin in Ncul^fcdium 
Titrated after 72 hours incubation at 37°. 


Nicotinic &cld 

Pantothenic acid 

Biotin 

Amount odded 

0.1 K acid 
produced 

Amount added 

0.1 Kacid 
produced 

Amount added 

0.1 Kacid 
produced 

yperlOcc, 

0 

0.02 

0.04 

0.07 

0.10 

0.15 

0.20 

0.40 

cc. 

o.s 

3.4 

6.0 

S.l 

10.0 

11.5 

12.0 

13.9 

yffr tOcc, 

0 

0.01 

0.02 

0.04 

0.07 

0.10 

0.15 

0.20 

ec. 

2.4 

4.5 

6.2 

8.6 

10.7 

12.6 

13.5 

13.8 

millimicrotrams 

perlOcc. 

0 

0.1 

0.2 

0.4 

0.7 

1.0 

1.5 

2.0 

m 


Table IV 

Comparative Dclcrminalions and Recoveries of Riboflavin 



Riboflavin found 

Recoveries: present 
method 

Samples 

Present method* 

Snell-Strong, 
acidimetric 
(72 brs.) 

Turbidi- 
metric 
(16 hrs.) 

Acidimetric 
(72 hrs.) 


Turbidi- 

metric 

(I6hrs.) 

Acidimetric 
(72 hrs.) 

Yeast e.\tract (Bacto) 

■Yfcrftn. 

44.2 

ypcrim. 

42.4 

r per gm. 

43.8 

per cent 

109 

per cetii 

106 

Liver concentrate (Wilson’s 
No. i:20) 

186 

182 

193 

103 

107 

Bacto-peptone 

3.3 

2.9 

3.5 

97 

102 

American cheese 

6.3 

6.4 

5.9 

100 

103 

Milk (fresh) 

1.8 

1.8 

1.8 

103 

109 

Skim milk powder 

19.8 

21.4 

20.0 

100 

95 

Rat kidney 

25 

22 

27 

95 

105 

“ liver 

18 

19 

19 

92 

100 

“ muscle 

1.3 

1.5 

1.5 

107 

107 

Canned peas 

0.44 

0.48 

0.52 

91 

102 


* Assay range, 0.02 to 0.15 t of riboflavin. 


acidimetric assays; this was not apparent in the shorter turbidimetnc 
procedure. Quantitative recoveries of added vitamin Be were obtained. 
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Effect of Fatty Substances — ^The disturbing influence of fatty acids, 
lecithins, etc., on the response of Lactobacillus casei to suboptimal amounts 
of riboflavin and other vitamins has been noted elsewhere (15-17) and 
studied in detail by Kodicek and Worden (18). The same effects are 
ohserved with the new medium. Lecithin, for example, greatl 3 ' stimulates 
the response to riboflavin at low levels but suppresses it somewhat at high 
levels. The addition of 50 y of oleic acid per 10 cc. of medium suppresses 


Table V 

Comparatire Determinations and Recoreries of Folic Acid 


Samples 

Folic add fousd 

Recoveries ; present 
method 

j Present method* 

EhSfe, 

actdimetric 
(72 hrs.) 

Tcrbldi- 
metnc i 
(16 hrs ) 

Addimetric 
(72 hm) 

Torbidi- 
metnc 
(lehrs ) 

Addimetnc 
(72 Iirs.) 


y per 

ypertn. 

ypertn. 

perenl 

per cezS 

Whole wheat flour. . 

0.32 

0.35 

0.33 

97 

97 

White flour 

0.31 

0.35 

0.35 

107 

100 

Liver concentrate 

20 

21 

21 

107 

95 

Beet muscle.. 

0.44 

.0.46 

0.4S 

104 

102 

Potatoes (fresh) .. 

0.46 

0.4S 

0.48 

102 

9S 

Tomatoes “ . . 

0.36 

0.37 

0.35 

9S 

105 

Alfalfa 

1 

1.2 

0. 5-2.5 

0.6-3.3 

95 



* Assay range, 0.1 to 1.0 millimicrogram of folic acid per 10 cc. of medium. 


growth completely; the simultaneous addition of 100 y of lecithin com- 
pletely overcomes this inhibitory effect. Measures such as solvent extrac- 
tion and filtration at pH 4.5, which are alreadj' in use to prevent these 
effects in other media, appear adequate with the present medium as well. 

DISCUSSION' 

Recent j'ears have seen a great expansion in the development and use 
of microbiological assay methods. As experience with the assaj' organisms 
accumulated, it was inevitable that improvements in the earh' methods 
should result. In manj* cases the sole criterion used to determine whether 
modification of an assay" medium has resulted in improvement has been to 
determine whether increased grou-th or acid production resulted from the 
modification. Judged b>' this standard, the present medium is greatly 
improved over former media used with Lactobacillus casei. It does not 
necessarily follow, however, that a medium which permits greater growth 
and acid production will necessarily piermit more accurate bioasays. 
Examination of Tables and V reveals in fact that the present medium. 
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although permitting accurate as.sa3's witli increased growth and acid pro- 
duction, gives the same values as previously proposed assay methods. 
The modification is valuable because it jiermils greatly shortened assays 
to be carried out; assays inoculated at the close of 1 working day are ready 
to be read at the beginning of the next. If the 3 day acidimetric method 
is used, the new procedure appears to have little or no advantage over 
older methods. 

The proposed procedure is also advantageous in that a single basal 
medium and assay organism suffice for assay of a number of vitamins. 
Routinely, the preparation of enzymatic digests of casein is considerably 
less troublesome than that of acid hydrolj'sates of casein. 

All ingredients of the culture medium are present in considerable excess; 
dilution of the complete medium with an equal volume of water gives a 
medium which supports growth only slightly less luxuriantly. Although 
supplementation of the medium with natural materials has not been neces- 
sary to obtain accurate values with materials so far assayed, addition of 
such supplements may prove valuable for special purposes. Supplements 
free of riboflavin are readily obtained by photolysis (19, 20) while natural 
extracts treated with lead acetate in the same manner used in the prepara- 
tion of the yeast supplement for riboflavin assay (1) are free of both ribo- 
flavin and folic acid. 

Other commonly used assay organisms, such as Lactobacillus arabinosus 
and Lactobacillus pentosus, also produce heavy growth in the new medium 
during a 16 hour incubation period. The medium could, therefore, be 
used with either of these organisms for the rapid turbidimetric determina- 
tion of nicotinic acid, pantothenic acid, and biotin. Results obtained in 
this manner have not been compared with those given bj’’ previously pub- 
lished procedures. 


SUMMARY 

A medium is described which permits the accurate turbidimetric deter- 
mination of riboflavin and folic acid with Lactobacillus casei after a 16 
hour incubation period. Excellent grow'th curves are also obtained with 
nicotinic acid, pantothenic acid, and biotin, although use of the medium for 
determination of these vitamins has not been investigated. 

Results obtained turbidimetrically at 16 hours check those obtained 
acidimetrically at 72 hours ; they also check those obtained by previously 
published procedures. 

The authors are indebted to Mr. H. Kihara, who participated in early 
work upon this problem. 
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DETERMINATION OF POLYSACCHARIDE IN SERUM 


Bt FLORENCE B. SEIBERT* iLSD JANE ATNOf 
(From the Henry Phipps Institute, University of Pennsylvania, Philadelphia) 

(Received for publication, February 21, 1946) 

That there exists a true polysaccharide in the serum in close association 
■with the serum proteins has been shown by' a number of investigations in- 
cluding those of Bierry (1), Everett and Sheppard (2), Rimington (3), 
Lustig ei al. (4), Hewitt (5), Nilsson (6), and Blix, Tiselius, and Svensson 
(7). In spite of the fact that there is a considerable concentration present 
in the serum, as great or greater than of glucose, comparatively^ few at- 
tempts have been made to evaluate it quantitatively with a view to de- 
termining its significance. This may be due in part to the fact that its 
quantitative estimation has been troublesome and in many' cases inaccurate. 

The present paper aims to present a quantitative method for its deter- 
mination, which is accurate, reproducible, and reliable. It is nevertheless 
tedious in that strict adherence to the details of the method and only very 
careful technique will yield desirable results. If such care is employed, the 
method is dependable, as is shown by the data. 

Everett and Sheppard (2) applied the colorimetric methods of Folin and 
Wu, Benedict, Sumner, and FoUn to hydrolysates of blood filtrate. Lustig 
(4) and collaborators determined the carbohydrate directly by the Till- 
mans-Philippi orcinol reagent, and Nilsson (6) determined the carbohydrate 
as glucosamine. The present study' utilizes the carbazole reagent of 
Dische (8). The color produced varies from a deep pink for glucose and 
related sugars to a brownish red for mannose and can thus be used in 
differentiating the type of carbohydrate accompanying the proteins imder 
investigation. 


Techniques 
Total Carbohydrate 

The total carbohydrate content of sennn is determined by use of the 
carbazole reaction of Dische (8), as stated previously, and for the com- 
parison of colors, first (9) the Duboscq, then (10) the Evelyn, and now the 
Klett colorimeter, with confirmation by the Beckman spectrophotometer. 

* Aided b}' a grant from the Committee on Medical Research of the National Tu- 
berculosis Association, and assisted by the Tuberculosis Control Division of the 
United States Public Health Service. 

t Chemist, Tubcrctilosis Control Division, United States Public Health Service. 

til 
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Any of these instruments, as well as others, should be adaptable in this 
method, but for quick routine work w'c have found the ICiett instrument 
very useful. In the region of absorption most used in the method as out- 
lined, four scale divisions on the Klett instrument are equivalent to one 
division on the Evelyn, and this is the largest variation in readings between 
duplicate determinations which lias been accepted by us (most readings 
vary only one or two divisions). This corresponds to a final difference of 
2 to 4 mg. per cent in the scrum, with a maximum of 8 mg. per cent, in the 
method as used. 

Reagents — 

1. Sulfuric acid reagent, 1 part of distilled water plus 8 parts of con- 
centrated sulfuric acid (Baker’s analj>^zed sulfuric acid, c.r. special, low in 
N and As). 

2. Saline, 0.9 per cent. 

3. Carbazole reagent, 0.5 per cent in absolute alcohol. Eastman Kodak 
carbazole is purified by twice subliming it. If sufficientlj’’ pure, it will re- 
main colorless indefinitely when dissolved in the alcohol and kept in a glass- 
stoppered bottle. It should be decanted free from any trace of sediment 
before use. 

Standard (G. G. M .) — Equal amounts each of 0.01 per cent glucose, ga- 
lactose, and mannose (purest grades) are mixed. 

This standard is used in analyzing Avhole serum, since Hewitt (5) agreed 
with previous authors that the carbohydrate group in serum proteins is a 
polysaccharide containing equimolecular amounts of galactose, mannose, and 
glucosamine. 

Furthermore, the absorption curve given by serum Avith carbazole, as 
Avell as the shade of color observed, corresponds closely AA'ith that of the 
G. G. M. standard described beloAV. Pure glucose alone gives a more rose, 
Avhile mannose alone gives a brownish red color. 

In order to determine the proper AA'ave-Iength to be used for routine pur- 
poses, readings were made in a Beckman spectrophotometer, at all AA’aA'e- 
lengths, of the color produced by carbazole AA’ith 0.1 mg. of the isolated 
sugars or of the mixture of sugars. Similar readings at all AA'ave-lengths AA’ere 
also made of the blank solutions of the same sugars, treated in the same 
manner but Avithout the carbazole, and these results Avere subtracted from 
the above corresponding values, giving the curves (Fig. 1) AA’hich represent 
the true absorption curves of the sugai-s. They shoAv that there are tAA’o 
Avave-lengths at AA'hich definite absorption occurs; namely, at 5400 and at 
4400 A. It is furthermore clear that the relative amounts of absorption at 
these two Avave-lengths differ markedly AA'ith the different sugars and that 
a ratio of their extinction or density values, log (1/transmission), at these 
two wave-lengths AA’ould be characteristic of each sugar, as Avas also shoAATn 
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by Gurin and Hood (11). Concentrations of different carbohj'drates "were 
therefore determined in the usual photoelectric colorimeters ndth the use of 
a filter giving the maximum absorption at wave-length 5400 A. Since 
identification of the type of carbohydrate present in a mixture can be made 
by determining the ratio D at 5400 A to H at 4400 A, and since the ratio 
found for serum corresponds more closel 3 'nith that of the G. G. M. mixture, 
we have, therefore, used the latter as the standard for evaluating the 
pol 3 ’saccharide of serum. The ratios found for the sugars of significance in 
this stud 3 ’ were as shown m Table I. 



Fig. 1. Densit3- curves of various sugars and sugar mixtures. G. M. represents 
equal concentrations of galactose and mannose; G. G. M., equal concentrations of 
galactose, mannose, and glucose; Serum 1, 2, and 3, curves for samples from one 
individual obtained b3' alcohol precipitation, and from another during fasting, and 
following a meal respectiveli’. 

Fig. 2 shows that the intensit 3 ' of color produced at wave-length 5400 A 
by different concentrations of the single sugars as well as of the mixtures 
followed Beer’s law. 

Method — Serum is diluted so that 0.5 ml. is made to 10 ml. with 0.9 per 
cent saline. . Each ml. is equal to 0.05 ml. of original serum. 

To fourteen tubes (25 X 150 mm.) are added 1 ml. of distilled water and 
8 ml. of concentrated sulfuric acid or 9 ml. of the sulfuric acid reagent. 
These are shaken and chilled in an ice bath, and then to six tubes, three 
each for duplicate dilutions of the serum, 1 ml. of the diluted serum is care- 
full 3 ' la 3 ’ered on the top surface of the acid, triihonl vetting the szdc of the 
tube. To each of four control tubes 1ml. of distilled water is added. To each 

of four standard tubes 1 ml. of the standard solution is added. All tubes are 
again shaken, preferabh' under ice, care being taken that aU the protein is 




514 


I’OIiYSACCirARIDE IN SERUM 


complctclj' dissolved. Then 0.3 ml. of the 0.5 per cent carbazole is added 
to four of the sera tubes (two from each dilution, Tubes A and B), to two 


Table I 


Dcmily Ratios 


Sample, 0.1 mg. 

n lit 5100 A 

Cat4t00A 

D»t5400A 
nit 4400 A 

Arabinoso 

0.125 


2.12 

Nucleic acid (thymus) 

0.185 


4.87 

Glycogen 

0.312 

0.075 

4.60 

Glucose 

0.274 

0.050 

4.89 

Galactose 

0.190 

0.103 

1.90 

Mannose 

0.170 

0.218 

0.81 

Galactose-mannose 

0.210 

0.190 

1.11 

Glucose-galactoso-mannose 

0.243 

0.143 

1.70 

Scrum (normal), fasting 

' 0.223 

0.167 

' 1.42 

“ " after high*carbo- 

hy drato 

0.310 

0.170 

1.79 

Serum-alcohol ppt., normal 

0.209 

0.097 

2.16 

“ “ tuberculous... 

0.203 

0.117 

2.24 



Fig. 2. Readings on Klett colorimeter plotted against the concentration of sugars 
used in the carbazole reaction, showing that Beer’s law is satisfied. 

standard tubes (C), and to two control tubes (D). To the two remaining 
sera tubes (A' and B'), the two remaining standard tubes (C'), and the two 
remaining control tubes (D'), 0.3 ml. of absolute alcohol (with no carbazole) 
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is added. All are again shaken, covered ■nith glass bottle stoppers, and 
placed simultaneously in a ^dgorously boiling ivater bath for exactly 10 
minutes. They are then simultaneously removed and cooled in a chilled 
water bath, and then read in a colorimeter at wave-length 5400 A. 

Tubes D' are read against each other and should check. 

Tubes D are read against Tube D' to determine the amount of color pven 
by the carbazole. This should be low and ^ves an indication of the purity 
of the carbazole and acid used. 

AH tubes are read against a Tube D'. 

Calculation — ^The serum blank and carbazole blank readings are sub- 
tracted from the serum readings. The G. G. M. blank and carbazole blank 
readings are subtracted from the G. G. M. readings. Since a slight dif- 
ference may occur in the intensity of the color, produced by the standard, 
possibly due to heating of the reagent, the standard is always run with 
every set of analyses and, therefore, by calculation any variation in the 
results due to such small errors may be eliminated. Thus the reading due 
to 0.1 mg. of the standard divided into that due to 1 ml. of the unknown, 
multiplied by 10, wUl give the amormt of total carbohydrate in 1 ml. of the 
dilution of the unknown. 


Glucose 

Free glucose in the serum was determined b}’ means of the Somogyi (12) 
modification of the ShaSer-Hartmann method, using the ZnSO<-Ba(OH)! 
reagent for deproteinizing the serum, as outlined by Nelson (13) prior to 
publication by Somogyi (14). 

Polysaccharide of Serum 

The total carbohydrate of the serum minus the glucose gives the true 
polysaccharide. Moreover, this polysaccharide can be determined directly, 
since it is either precipitated by alcohol or carried down with the serum 
proteins when they are precipitated with alcohol. 

Method for Direct Determination of Polysaccharide — 0.1 ml. of serum is 
dropped into 10 ml. of 95 per cent alcohol with shaking and with care not to 
run the serum down the side of the tube. With this technique the pre- 
cipitate usually flocculates out in such a way that it is easy to centrifuge for 
30 minutes, leaving a crystal clear supernatant. Other procedures, such 
as those used by Lustig and by Langer (4), or Lustig and Nassau (15), 
yielded cloudy supernatants in our hands with resultant loss of protein. 

The precipitate is then washed with 5 ml. more of alcohol and centrifuged. 
The supernatants are carefully* sucked ofi without disturbing the pre- 
cipitate. The precipitate is then immersed in an ice bath to prevent 
charring when the acid is added. Since occasionallj' a serum precipitates as 
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a. gum instead of in flocculcs, 4 ml. of cold concentrated sulfuric acid are 
carefully added directly to the precipitate in order to effect solution. 
"Wlien shaken and cooled, 1.9 ml. of water arc added, and, again when 
cool, 4 ml. more of cold concentrated lIjSOi arc added. Four such tubes 
are prepared and to tw'o of them as controls is added 0.3 ml. of alcohol, 
while to the other two 0.3 ml. of carbazolc reagent is added. These are 
shaken, covered with glass stoppers, and heated in a boiling water bath for 
e.\'aotly 10 minutes, then chilled, and read in the colorimeter. Simultane- 
ously water blanks, carbazolc blanks, and tubes with the standard and its 
blanks are also run as described above under total carbohydrate determina- 
tion. The final calculation is also the same. 

In this case, however, a standard consisting of galactose alone is used. 
It was at first believed that a standard of galactose and mannose (G. M.) 
should be used, since the glucose of the serum had been removed by the 

Table II 


Recovery of Glucose {100.0 Mg. Per Cent Added) Glucose in Scrum 


Subject 

Glucose in original 
scrum 

Glucose found 

Glucose recovered j 

Error 


ms. ptreent 

mf. p(r cent 



J. H. 

99.1 

196.6 



J. B. 

85.3 

186.9 




precipitation, but an absorption cunm (see Fig. 1) for the alcohol pre- 
cipitate of serum indicated a type of absorption more closely corresponding 
to that of galactose alone than of a mixture of galactose and mannose 
(G. M.). This conclusion is supported by the ratios recorded in Table I. 
The explanation for this result may throw some light on the composition of 
the carbohydrate present in the serum and must w^ait for future consider- 
ation. 

EXPERIMENTAL 

Recovery of Glucose Added — In order to stud}'- the reliability of the 
methods chosen an attempt was made to determine the recoverj’’ of glucose 
as glucose and as total carbohydrate ■vvhen added to serum. For example, 
Table II shows that, when a known amount of glufcose was added to two 
sera, copper iodometric titration analyses of the glucose on the original 
sera and on those after the addition varied to the extent of the amount of 
glucose added, wdthin experimental error. 

"When glucose is added to serum, it can also be recovered in the total 
carbohydrate, determined by means of the carbazole reaction and read 
against the G. G. M. standard. The reading on the Klett colorimeter for 
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the original serum is subtracted from the reading for the same dilution of 
serum containing the added glucose and this result is then converted into its 
equivalent of the G. G. M. standard. The result corresponds to the added 
glucose (see Table III). 

Check on True Polysaccharide Concentration — ^Table IV shows the close 
correspondence between the concentration of true polysaccharide de- 
termined by difference and directly on the same sera, indicating that the 


Table III 

Recovery of Glucose in Total Carbohydrate 


Subject 

Klett reading (S400 A) 

Carbohydrate 
equivalent 
as glucose* | 
galactose- 
mannose 



Scrum -f* 
glucose 

Serum + ! 

saline 

PISerence 



J. H. 

82.3 

42.7 

39.6 

ns.ptrrd. 

0.0355 

rtg.ptrrtX. 

0.0380 

tnj, pernl. 

-0.0025 

J.B. 

82.3 

37.3 

45.0 

0.0405 

0.0380 

-f0.0025 

H. G. 

96.7 

55.0 

41.7 

0.0370 

0.03SO 

-0.0010 

J. A. , 

85.0 1 

43.3 1 

41.7 

0.0370 

0.0380 

-0.0010 

A.B. 

82.3 

38.3 

44.0 

0.0400 

0.0380 

-1-0.0020 


Table IV 


True Polysaccharide by Difference and by Direct Analysis 


Subj'ect 

Total carbohydrate 

Glucose 

True polysaccharide i 
by difference 

True polysaccharide 
by direct deter* 
minattoa 


^ ng.per<4nt 

rtg.ptrctnS 

m[. percent 

ng. per cent 

M. D. 

201.6 

74.8 

126.8 

118.7 

E. P. 

212.5 

49.0 

163.5 

165.8 

E. H. 


96.6 

115.4 

113.5 

V.P. 

195.8 

89.8 


1 102.4 

S. B. 

177.1 

63.3 

113.8 

106.8 

W. McC. 

273.8 

96.6 

177.2 


J. H. 

276.4 

168.0 


107.4 

E. Sch. 

193.2 

88.4 

1 104.8 

100.5 


techniques chosen for the determination of total carbohydrate and for the 
alcohol-precipitable carbohydrate give essentiall}" identical results. 

Keeping Qualities of Sera When Frozen — If sera are frozen several hours 
after the .bloods are taken, no significant changes, greater than can be 
accounted for by experimental error, occur in their content of total car- 
bohydrate or glucose over indefinite periods of time. This is shown in 
Tables V and n. If kept in this manner, therefore, it is possible to per- 
form the analj'ses at the time most convenient and economical from the 
standpoint of the laboratory’’ schedule. 
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Variation in Polysaccharide from Time to Time — It is of importance to 
know also the spread in the polysaccharide value of sera taken from the 

Table V 


Van'aCton of Glttcose in Sera Kept Frozen 


Subject 

Bate bled 

1 

Date of run 

Glucose 


nns 


mt.fer cent 

J. H. 

Apr. 11 


101.4 




96.1 



“ 31 

99.1 

J. A. 

“ 27 

May 1 

103.0 



June 4 

101.9 

(< 

July 5 

July 9 

87.1 



" 17 

89.4 

M. H. 

June 8 

Juno 8 

119.0 



" 15 

123.2 

N. H. 

July IG 

Oct. 9 

85.4 


1 

1 

" 17 

85.0 


Table VI 


Variation of Total Carbohydrate in Sera Kept Frozen 


Subject 

Date bled 

Date of run 



ms 

ms 

ins. per cent 

J. H. 

Apr. 11 

Apr. 16 

160.7 

1 


July 18 

156.8 



Aug. 21 j 

162.0 

J.A. 

“ 27 

May 1 1 

173.2 



June 4 

168.8 



Aug. 22 

182.4 

J. B. 

June 8 

June 12 

157.6 



Aug. 1 

152.4 

H. G. 

July 13 

July 20 

234.2 



Aug. 17 

228.6 

A. B. 

June 19 

July 16 

164.2 


1 

Aug. 23 

168.2 


! 

Oct. 31 

174.6 


same non-fasting individual at different times and, therefore, a number 
of such results are included in Table VII. 

Variation in Polysaccharide Due to Metabolism — Since the variation in the 
true polysaccharide concentration of the serum in the same individual from 
time to time appears to be considerable, as much as 27 mg. per cent in one 
case, it seemed advisable to determine more directly the effect of metabo- 
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lism on this constituent. Therefore, the following experiments were de- 
signed to study this aspect. 

Blood was taken from fasting subject J. A. and then the following 
meal was consumed : ^ cup of whole wheat cereal, 3 gm. of agar-agar, 7 gm. 

Table Vn 


VaTialion in Serum Polysaccharide of Same Individuals al Different Times 


Subject 

Dzte bled 

1 

Total 

carbohydrate ! 

Glucose 

True 

polysaccharide 


IS^ 

r»f. per uni 

r’.t.psrctnl 

nt. 

J..A.. 

Apr. 

27 

173.2 

100.3 

72.9 


July 

5 

171.4 

78.2 

93.2 


<( 

16 

132.8 

38.8 

94.0 

F.S. 

Apr. 

27 

276.0 

168.0 

lOS.O 


July 

5 

193.4 

92.5 

100.9 


Sept. 

9 

186.3 

96.6 

89.7 


Dec. 

4 

196.2 

88.4 

107.8 

G. "D. (advanced tuber- 

Feb. 

5 

258.2 

102.0 

156.2 

culosia) 

May 

3 

250.5 

84.3 

166.2 

L.D. (mininial tuberculosis) 

Feb. 

8 

143.0 

57.8 

85.2 


July 

19 

168.4 

78.2 

90.2 


Oct. 

29 

185.1 

SS.4 

96.7 

E. S. (sarcoidosis) 

Apr. 

11 

204.5 

88.4 

116.1 


Kov. 

14 

219.6 

76.2 

143.4 


Table VIU 


Effect of Metaiolism on Polysaccharide Concentration 


Subject 

Tiae ol bleeding 

Toul 

carbohydrate 

Glucose 

True 

pelyaaccharide 

J. A. 

Fasting 

ni.ftTunl 

151.3 

rt[,ftrcent 

71.4 

ng.fcTctnt 

79.9 


After meal, 3 hrs. 


78.2 

93.2 

J. H. 

Fasting 

204.0 

82.3 

121.7 


After meal, 30 min. 

276A 

168.0 

108.4 

F. S. 

Fasting 

186.0 

85.0 

101.0 


After meal, 30 min. 

184.2 

88.4 

95.8 


" •• 2 hrs. 

196.2 

88.4 

107.8 


of potato starch, J teaspoon of sugar, 1 pint of milk , 20 cherries, 2 small 
Oranges and the pulp from these oranges. 3 hours later a second blood 
sample was taken. This diet was planned to contain galactan, galactose, 
starch, sucrose, and arabinose from the cherries and orange pulp pectin. 
The results axe given in Table %TII. 
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Blood was taken from fasting subject J. IL and then the following meal 
was consumed : 1 cheese and ham sandw'ich on rye bread, 1 slice of white 
broad, 1 egg, 1 orange, a piece of pickle, 2 crackers with jelly, 1 orange, 1 
glass of milk, 3 cups of tea, 100 gm. of maltose. ^ hour after the meal a 
second blood sample w'as taken. 

Blood W'as taken from fasting subject F. S. and then the following meal 
was consumed: 1 pint of milk, 2 oranges, 2 pieces of Swedish bread (about 
100 gm.) with much butter, 24 dried brewers’ yeast tablets (= 7.0 gm. of 
dried yeast) as a source of mannose. ^ hour and 2 hours after the meal 
additional blood samples w'erc taken. 

These experiments show’ that relatively little change occurs in the true 
polj’saccharide content of serum due directly to the ingestion of food, even 
when the glucose content (see J. H. in Table VIII) doubles. The largest 
change w'hich occurred in three experiments was 13.3 mg. This is not as 
much as twice the experimental error of the method. 

Variation in Normal Individuals — ^The concentration of true polysac- 
charide in the non-fasting sera of thirty-nine normal individuals w’as found 
to vary from 72.9 to 131.0 mg. per cent, with an average of 102.2 mg. per 
cent. Variations found in different pathological conditions will be given 
in another paper. 


DISCUSSION 

There are certain errors automatically inherent in the method, which 
should be understood. For e.xample, it is clear that glucose gives more 
color per unit with the carbazole reagent than does mannose or galactose. 
Consequently, of sera checked against the same standard, those containmg 
a high glucose content will appear to contain falsely high polysaccharide 
concentrations, while those with low glucose will be more nearly correct. 
Therefore, theoretically a different standard, containing varying amounts 
of glucose, should be used for each serum, depending upon the amount of 
glucose present. This, of course, would be impractical, even if possible, 
and the conclusion naturally arises that it w’ould be better to employ a 
method in which the glucose is eliminated from the serum before the 
analysis. Such a method is that described in this paper as the “direct 
determination of polysaccharide.” This method, furthermore, decreases 
the experimental error by eliminating one step in the anab’sis. 

As mentioned in the description of the method, a standard is run with 
each set of determinations and the value obtained on this standard is used 
in the calculation of the results for all other products analyzed at the same 
time. This is done because the reading for the standard will fluctuate from 
time to time as much as ±5 around an average value. Since it is very 
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desirable to eliminate this fluctuation, a careful investigation vas made as 
to its cause. 

It was found, for example, that much of the difiBculty lay with the 
carbazole reagent itself, and attempts were made to overcome it bj' dissolv- 
ing the carbazole in concentrated sulfuric acid rather than in alcohol. 
Such a reagent gave results which checked very well, all of which were 
considerably higher than those obtained with the alcoholic carbazole. 
However, a fluctuation still occurred in the readings for the standard sugar 
solutions and, since this acid carbazole reagent must be made fresh each 
daj% there seemed to be no advantage in its use. 

During these experiments it was found that alcohol decreases the color 
produced but since the same amount of alcohol is added to all tubes no 
error is caused in this way. It is interesting, however, that the decrease in 
color by the alcohol is caused in the sugar blanks, containing only the 
sugars and sulfuric acid, as well as in the tubes containing carbazole. 

In view of the fact that no solution for the e limin ation of the fluctuation 
has so far been found, the method should be used e.xactlj' as outlined in order 
to obtain reproducible results. 


SXJMMAB.T 

A colorimetric method based upon the carbazole reaction is outlined for 
the quantitative determination of the polysaccharide content of serum. 

Absorption maxima of the compound formed between carbohydrate and 
carbazole occurred at two wave-lengths (5400 and 4400 A). Since the 
relative amounts of these absorptions varied for different types of sugars, 
the proper standard could be chosen for comparison with the carbohj’drate 
under investigation, even if unknown, based upon the ratio of the extinction 
coefficients at these two wave-lengths. 

Comparable results were obtained whether the determination was made 
directly upon the polj’saccharide which precipitated with the serum pro- 
teins in alcohol, or by subtracting the glucose content of serum from the 
total carbohydrate concentration. 

The concentration of carbohydrate in serum including glucose did not 
change over an indefinite period of time, if the sera were kept in the frozen 
state or just at the point of freezing. 

The average serum concentration of polj'saccharide in thirty-nine normal 
individuals was 102.2 mg. per cent, with a range from 72.9 to 131.0 mg. per 
cent and the same indhidual bled at different times cfld not show much 
change imless disease was present. 

In three subjects a maximum variation of 13.3 mg. per cent of poly- 
saccharide was noted between the concentrations during fasting and after 
ingestion of meals containing considerable amounts of carbohydrate. 
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JIETABOLISM OF THE FIALARIAL PAEASITE, WITH REFER- 
ENCE PARTICULARLY TO THE ACTION OF 
ANTIMALARIAL AGENTS 

I. PREPARATION AND PROPERTIES OF PLASMODIUM LOPHURAE 
SEPARATED FROM THE RED CELLS OF DUCK BLOOD BY 
MEANS OF SAPONIN* 

Br aURUNNA R. BOVARNICK, ANN LINDSAY, and LESLIE HELLERMAN 

(From the Department of Physiological Chemistry, The Johns BopfHns University, 
School of Medicine, Baltimore) 

(Received for publication, January 22, 1946) 

A study of certain aspects of the metabolism of the malarial parasite, 
Plasmodium lophurae, from duck blood was undertaken in an attempt to 
elucidate the mode of action of some of the antimalarial drugs. It had 
already been shown by Christophers and Fulton (1) that parasitized mon- 
key blood mchibited a rapid oxygen consumption in the presence of ^ucose, 
and that this was suppressed by quinine (2), atabrine, plasmochin, and 
related drugs. S imil ar effects have subsequently been noted by others in 
observations with P. gallinaceum in the red cells of chicken blood as well 
as with P. knowlesi (3, 4). However, the nature of the inhibition and 
whether it was primary- or secondary to a lethal action on the parasites 
were not indicated. 

It was believed that a clearer picture of the metabolism of the parasites 
might he obtained with parasites separated from the red blood cells, es- 
pecially in the case of those that occur in nucleated red cells. Christophers 
and Fulton found that Plasmodium knowlesi, separated from the. red cells 
of monkey blood by saponin, was capable of some respiration in the -pres- 
ence of glucose (5). More recently Speck and Evans by a similar method 
separated P. gallinaceum from the red cells of chicken blood and investi- 
gated some of the individual enzymes found in parasite e.xtracts with 
regard to their sensitivity to atabrine and quinine (6). YTien attempts 
Were made to separate P. lophurae from the red cells of duck blood by 
either of the described methods, it was found that the parasites had onl}' 
a very low and rather rapidly declim'ng rate of oxygen uptake, as compared 
to the stable respiration of the parasitized red cells. Therefore some 
alterations in the method of preparation to avoid damage to the parasites 
Were necessary before material of high and moderately stable oxygen up- 

* The work described in this paper was done under a contract, recommended by the 
Comnnttee on Medical Research, between the OfSce of Saentific Research and De- 
velopment and The Johns Hopkins University. 
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tiike could bp olifiiincd. Tlic method finally adopted for destruction of 
the red cells, as well as some of the projicrtics of the .separated parasites 
thereby prepared, is described below. 

Methods 

O.vygen consumption ■was measured by the usual Warburg technique 
at 37°. Each flask contained 0.0 ml. of cell suspension diluted to a total 
volume of 2.4 ml. The bulTcr-salt solution^ used in the.se measurements 
had the following composition: NaCl 0.0068 M, KCl 0.08G5 m, Na:HP0( 
0.0275 M, KIIjP 04 0.0025 m, MgSO^ 0.0015 m; pH 7.6 (on addition of 
cells, the pll at once fell to about 7.3). All solutions added to the reaction 
mixture were brought to this or a closely similar salt concentration and 
pH. Glucose, when present, was added to a final concentration of 0.0058 
to 0.0116 M. 

For washing and suspending parasitized red blood cells and separated 
parasites, a bufTcr-salt* solution of the following composition was used: 
NaCl 0.0145 m, KCl 0.088 m, NaoHPO^ 0.021 m, KH2PO4 0.005 m, NaHCOj 
0.004 M, MgS04 0.0015 m, glucose 0.0139 m; pH 7.25. The glucose was 
omitted only for the final w’ashings of cells that were to be used with other 
substrates. 

The parasitized duck blood was obtained through the courtesy of Dr. 
E. K. Marshall, Jr., and his starff shortly after it had been drawn from a 
duck with a 3 or 4 day infection of Plasmodium lophurae. The total para- 
site count on different samples varied between 8 and 13 X 10® parasites 
per ml. The blood was cooled, centrifuged, and the cells washed two or 
three times with 20 ml. of buffer-glucose solution per 10 ml. of blood, and 
then resuspended to the original blood volume in the same medium. 

After preliminary experiments in Avhich various factors w'ere tested, the 
following procedure was adopted for the separation of parasites from red 
blood cells. 1 volume of washed parasitized cells was warmed to 37 , 
to this was added 0.5 volume of 0.15 per cent saponin, dissolved in the 
buffer-glucose solution, and the mixture was held at 37° for 15 minutes 
(or in later experiments, only 5 minutes), followed by dilution with 2.5 
volumes of buffer-glucose, and centrifugation at room temperature for 10 
minutes. The supernatant was discarded and the parasite-nuclei mixture 
washed once at room temperature with 4 volumes of buffer-glucose, and 
then once or twice at 0° with buffer-glucose or buffer alone. The number 
of washings had no influence on the activity of the parasites. The para- 
sites were Anally resuspended in buffer to the original blood volume. 

J A similar solution was described by Trager (7). 
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ResuUs 

The oxygen uptake of washed, parasitized red blood cells varied betn'een 
18 to 60 microliters of 0: per 15 minutes per 0.6 ml. This variation showed 
no correlation with the total parasite count. Differential counts were not 
made, but it was noted, in agreement with the observation of others (8-10, 
4), that the low rates of oxygen uptake were found ■with blood samples 
containing predominantly small forms of the parasites, and the higher rates 
inth larger parasites. 

In evaluating the suitability of the procedures tried for preparation of 
cell-free parasites, the washed red blood cells were treated with saponin, 
washed, and finally resuspended to the initial volume or some known frac- 
tion thereof. The rate of O 2 uptake by 0.6 ml. of separated parasites could 


Table I 

Effect of Saponin Concentration and Temperature on Oxygen Uptake of Parasites 
Separated from Red Blood Cells 


Experiment No 

Temperature of 1 
saponuation 

1 

Final concentra 
tion of saponin 

Final \olume 
relatue to 
cell suspenaton | 

Control rate of 
0» uptake 
per 0 6 ml 

Respiratory 

activity 


-c 

fer cent 


nicreltlers per 
JS mtn 

per centef tnUici 

8-1 

0 

0 1 

2 

55 

3 


37 

0 1 

2 


13 

16-1 

Room 

0 05 

2 

38 

53 


37 

0 05 

2 


63 

10-2 

37 

0 2 

2 

42 

0 



0 1 

2 


32 

17-1 

37 

0 1 

1 1 

50 

58 



0 05 

2 


71 



0 05 

1 1 


79 


then be directly compared with that of 0.6 ml. of the original parasitized 
cells. The factors of chief importance in the preparation of active sep- 
arated parasites were foimd to be the concentration and amount of saponin, 
and the temperature at which the cells were in contact with saponin. 
High jdelds were favored by use of the minimum amount of saponin re- 
quired for complete hemolysis, and by saponization at 37°, rather than at 
any lower temperature (Table I). Microscopic examination of both normal 
and parasitized duck blood indicated that a concentration of 0.05 per cent 
saponin, in a final volume 1.5 times that of the cell suspension, vas neces- 
sary to insure complete hemolysis. Later experiments indicated that some 
blood samples may require less, so that for the best results the minimum 
concentration required by each particular blood sample should probably 
have been determined. 
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Attempts were made further to improve the "yield” of respiratory activ- 
ity by change in the composition of the buffer or by addition of various 
substances with or immediately after the saponin. Variations in pH be- 
tween 7 and 7.G, in the Na:K ratio from 0.7 to 30, or addition of small 
amounts of Ca, Mn, Zn, Cu, or Fe, had no demonstrable effect. Addition 
of duck plasma, 1 volume, or of cholesterol (0.2 to 0.3 mg. per ml, kept in 
suspension by lecithin, 0.3 to 0.7 mg. per ml.) immediately after the 
saponin also was without effect, although either would have sufficed to 
prevent the action of saponin upon the red blood cells if added initially. 

Properties of Erylhrocyie-Frcc Parasite Preparations — ^The preparations- 
showed a rate of Oj uptake that averaged 70 per cent (55 to 92 per cent) 
that of the parasitized red cells, when prepared from fresh blood. If 
prepared 24 hours later, the yield was lower, 54 per cent (38 to 67 per cent). 
Part of the loss of respiratory activity undoubtedly was attributable to 
destmetion of the red cells. Normal duck red cells had an appreciable 
O 2 uptake, averaging G microliters of O 2 per 15 minutes per 0.6 ml, as 
compared to 18 to GO microliters for parasitized cells. The O 2 uptake of 
the normal cells was completely lost after saponization and washing of the 
nuclei. It is quite possible that the metabolic activities of host and para- 
site cells are not distinct entities, and it is certainly unlikely that the frac- 
tion of the respiration assignable to the red cells as such is identical isith 
the normal red cell respiration. Therefore it would appear to be impossible 
to estimate vith complete accuracy the loss to be expected on separation 
of parasites from red colls. If the rate observed with normal cells is used 
as at least a rough estimate and subtracted from the total to give a measure 
of the respiration due to parasites in the cells, the respiratory activoty 
retained after saponization of fresh blood becomes 88 per cent (68 to 107 
per cent). Some of the variation noted may have resulted from the cir- 
cumstance mentioned above, that certain blood samples actually required 
less than the selected amount of saponin for hemolysis. 

The respiratory quotient of the separated parasites, with glucose as sub- 
strate, varied with different blood samples between 0.7 and 1.0, indicating 
that with some glucose utilization was complete, with others incomplete. 

2 Dr. E. K. Marshall, Jr., and his staff in experiments with the washed separated 
parasites found in the latter a definite but low degree of infectivity. The parasites 
were given intravenously in doses of 1200, 300, 240, 60, and 12 X 10® parasites to groups 
of three or four ducks weighing 100 to 150 gm. Parasites were first detected in blood 
smears of all twelve of the birds given 60 X 10® or more parasites between the 6th and 
10th days after infection. Parasites were seen in blood smears of two of the four 
ducks receiving 12 X 10® between 10 and 13 days after infection. It was estimated 
from the day of appearance of the infection that less than 100 infective parasites 
apparently were contributed by the dosage of 12 X 10®. 
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A similar variation in the r.q. of parasitized red cells (10) has been de- 
scribed. 

The respiratory activity of the separated parasites kept at 0° vas less 
stable than that of the paraatized red blood cells maintained under the 
same conditions. The latter after 24 hours storage showed an Oi uptake 
88 per cent (72 to 100 per cent) of that of the fresh cells, while the former 


Table II 

Rate and Stability of Oxygen Uptake of Separated Paraeites vrith Certain Substrates 


Sal»tnte 

Coseentntlon ' 

Kelative rate* 


Per cent of initial rate rt 



■Ko. of 
experi- 
cests 

1st 

hr. 

Ko. of 
experi- 
BCStS 

2sd hr. 

Ko. of 
experi- 
ments 

3rd tr.t 

None 

u 

25 

10 


1 



Glucose 

0.006-0.012 


100 

33 

89 (83-97) 

24 

81 (70-91) 

Lactate 

0.0125 


109 

5 

81 

3 

63 

Glucose 

0.01 



5 

89 

3 

78 

Pyruvate 

0.002 


95 

3 

86 



Glucose 

0.01 



3 

92 



Succinate 

0.008 


; 31 


62 



Glucose 

0.01 




90 



Fumarate 

0.008 

4 

28 

4 

92 


1 

Glucose 

0.01 



4 

93 



Adenosine tri- 

0.00024 

4 

29 

3 

80 



phosphatcj 








Glucose 

0.01 



3 

89 



Adenylic acidj 

0.00024 

7 

26 

4 

80 


i 

Glucose * 

0.01 




1 93 


1 


* Rates are here expressed relative to the rate of Oj uptake with glucose as sub- 
strate, this being taken as 100. 

t In several experiments with glucose as substrate the rate was observed for a 
longer period ; per cent of initial rate 4th hour, 75 (62 to 80) ; 5th hour, 64 (55 to 75) . 

t See the text. 

showed 76 per cent (71 to 82 per cent) of their original activity. In both 
cases, data only for cells stored with glucose were included in the average, 
since those stored in its absence had considerably less stability. 

At 37°, the difierence in stability was more marked. Parasitized red 
blood cells had a constant or even a slightly increasing Oj uptake for at 
least 5 to 6 hours; the parasites, a rate linear for 60 to 90 minutes and there- 
after slowly decreasing (Table II). Various substances, in addition to 
glucose and buffer, were added to the parasites in an attempt to increase 
their stability. These included yeast extract, duck plasma, duck red 
blood cell extract (prepared by dilution or by freezing and thawing). 
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succinalo, 0.0002'J m nclonoainc triphosplmtc (ATP) or adenylic acid, and 
ii mixUiro of the known gfowth factors and vitamins. Some of these sub- 
.s(ancc.s did increase the rate of oxygen nptake: yeast extract increased it 
about 20 per cent, succinate 30 per cent, fumarate 13 per cent, and plasma 
10 per cent; the others had no effect on the rate. None led to an increased 
stability. Whether the slow decline in rate of O 2 uptake was due to damage 
to the parasites or to a defect in the medium remains undecided. 

Snbslralcs Utilized — With separated parasites, washed free from glucose 
after saponization, it was rcadilj’ po.s.siblc to demonstrate an o.x 3 'gen uptake 
with certain other suhstrates (Table II), since with buffer alone such para- 
sites showed onl)’’ a small 0; uptake that decreased nearly to zero in about 
90 minutes. Onlj'' lactate and pynivatc gave a rate approximating that 
found with glucose but with none of the substrates was the rate as stable 
as with glucose; however, except in the case of succinate, the differences 
in stabilitj'' were not marked. The results for each substrate are compared 
vdth the glucose results for the particular blood sample, inasmuch as dif- 
ferences in stabilitj^ were found in parasites prepared from different samples 
of blood, while the results for anj' one blood sample were quite consistent. 
For convenience of representation, ATP and adenylic acid are included in 
the list of substrates, since their addition brought about an increase in 
O 2 uptake; in view of the fact that respiration in these instances had an 
R.Q. of 1.0, and was absent in controls to which had been added the products 
from ATP, initially heated at 100° for 10 minutes in N HCl, it seems prob- 
able that their’s was the usual catalytic r61e, here associated possibly wth 
the oxidation of some polysaccharide already present in the cells.’ 

Preparation of Pyruvate Solutions — In connection vith the behavior of 
the parasites toward different substrates, it should be noted that at first 
erratic results were obtained 'with pyruvate. With buffer-washed para- 
sitized red blood cells the use of pyruvate generally resulted in an oxygen 
consumption nearl}’’ as rapid as with glucose; on the other hand, vith 
separated parasites there occasionally ivas obtained little or no O 2 uptake, 
and at other times the rate was approximately that observed vith glucose 
as substrate. It was eventually noted that this variability lay in the pyru- 
vate solutions rather than in the parasites. Those solutions that them- 
selves afforded very low rates also inhibited more markedlj’’ the oxidation 
of glucose when added therewith. All solutions were prepared by dilu- 
tion TOth ice wmter of pyruvic acid freshly distilled at 3 mm., followed by 
neutralization mth sodium hydroxide to approximately pH 6.8. However, 
in some cases a slight excess of alkali was added before the desired end- 
point was attained; it was found that these solutions gave the very low' 
rates. Those prepared without even temporaiy ovemeutralization con- 

’ Analysis for reducing sugar (11) showed that no detectable glucose was present. 
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sistently showed an oxj’gen uptake 80 to 100 per cent of the glucose rate, 
when the final pyruvate concentration was 0.002 to 0.003 ii. It was never 
possible to prepare a pyruvate solution that did not inhibit somewhat at 
hi^er concentrations. 

In Table III are ^ven the average results from several experiments, 
demonstrating the difference in behavior of exactly neutralized and tran- 
siently ovemeutralized pyruvate solutions as well as the differences in 
sensitivity thereto of separated parasites and parasitized red blood cells. 

Respiration in Presence of Cyanide and Cresyl Blue — In an attempt to 
detect if possible the functioning of a flavoenzyme associated with respira- 
tion in the parasites, their behavior with cyanide and certain reversible 

Table III 

Oxygen Uptake oj Parasites and Parasitized Red Blood Cells scith Pyruvate 
As SubstraJe 


Rates are given as percentages of the rate with glucose as sole added substrate. 


1 

j 

Pyruvate (0JXJ2-0 003 u) 
and no glucose 

Pyruvate (0 0125 ir) -r 
glucose (00115 K) 

Nature of pynivatc preparation 

Famites 

Para* 

situed 

red 

cells 

Parasites 

Para* 

situed 

red 

cells 

From freshly distilled pjiuvic acid, 
not ovemeutralized 

95 (SO-lOo) 


64 (40-67) 


From freshly distilled p>*TUvic acid, 
transiently ovemeutralized 

14 (S-22) 

94 

34 (23-63) 

93 

From old p}TU\ic acid, not overneu- 
tralized 

43 (23-63) 

S6 

43 (40-46) 



dyes was studied. This segment of the investigation was motivated by 
the consideration that in tissues flavoprotein catal 3 'sis may in certain cases 
be “separated” from metalloenzyme catalysis by tins procedure (12-15). 
In harmony with certain previous observations (8, 1) it was noted that the 
addition of 0.001 m cyanide nearly completely inhibited the oxygen con- 
sumption of the parasites, both as to separated material and parasitized 
red blood cells. Certain dyes, e.g. cresyl blue, thionine, methj-lene blue, 
toluidine blue, and toluylene blue, have been found partiallj' to restore the 
oxygen consumption. Unfortunately these dj'es also inhibit markedlj' 
the rate of oxidation in the absence of cyanide, so that thej* cannot be con- 
sidered to be “ideal” substitutes for the iron catalysts. Cresyl blue ap- 
peared sUghtly less inhibitory and more cataljlicallj' active than the others 
(16) and was used in most of the e.xperiments. It inhibited glucose oxida- 
tion about 35 per cent (25 to 45 i>er cent) and increased the rate in the 
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presence of cyanide from nearly zero (average, 7 per cent of the glucose 
rate) to 42 per cent (30 to G4 per cent) of the glucose rate. 

The respiratory activity was less stable in the presence of cresyl blue, 
with or without C3’’anide, than in its absence, declining even during the 1st 
hour. The inhibitory effect of cresyl blue probably is most marked with 
respect to the later stages of glucose utilization, since the r.q. in its presence 
is markedlj'- reduced (Table IV). Furthermore, pyruvate oxidation in one 
experiment was inhibited 70 per cent by cresyl blue, and glucose oxidation 
only 45 per cent. 


Table IV 


Respiration of Parasites and Red Blood Cells in Presence of Cresyl Bine 


Experi- 

ment 

No. 

Type of cell 

Control 

HCN, 0.00125 u 

Cresyl blue, 

O.OS ms. per ml. 

HCN, 0.00125 k; 

cresyl blue, 

O.OS mg. per ml. 


Rate 1 

R.Q. 

Rate 

Rate 

K9 

Rate 

R.Q. 



microUUrs 
Ot per IS 
min. 


mtcroltiers 

Ot per JS 
min. 

microliters 
Os per JS 
min. 


microliters 
Os per 15 
min. 


21 

'' Separated 

27.1 

0.83 


14.8 

0.53 



21 

parasites 

Parasitized 

33.2 



42.5 


11.9 



red cells 








21 

Normal red 

6.3 



14.7 





cells 








23 

Separated 

13.9 

0.71 

1.3 

9.4 

0.57 

8.9 

0.57 

24 

parasites 

tt ti 

34.5 

0.93 

0.2 

1 


10.8 

0.63 





NaNf, 

0.01 U 



iNaNi, 0.01 
m; cresyl 
' blue, 0.05 
mg. per ml. 


18 

tt tt 

12 

1 

4.3 

9.8 


8.6 

1 


Parasitized red blood cells differ from the parasites in their behavior 
toward cresyl blue. Their rate of O 2 uptake is increased rather than de- 
creased by the dye. This increase must be attributable in part to in- 
creased red cell respiration, since a similar effect is exhibited by normal 
red cells (Table IV; also (17, 18)). However, in the presence of cyanide 
and cresyl blue, the parasitized red cells resemble the parasites in that the 
resultant O 2 uptake is slow compared to the normal rate (Table IV). 

In a few experiments sodium azide in place of cyanide was employed as 
respiratory metalloenzyme inhibitor (19). However, this reagent proved 
to be much less effective as inhibitor of O 2 uptake under the conditions, 
failing, even in a concentration of 0.01 m, to inhibit oxygen consumption 
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completely. With sodium azide, as •with cyanide, the rate of oxygen up- 
take was partially restored bs' addition of cresyl blue. That the Oz up- 
take with both cresyl blue and cyanide (or azide) approached the rate ■with 
cresyl blue alone, and further that the k.q. ■was found to be very similar 
imder both conditions, suggest that the restoration of respiratory activity 
to C3'anide- or azide-treated cells is limited bj' an inhibitory eSect of the 
cataljiically active dyes upon one or more of the non-metalloenzymes 
involved in respiration. 

Effect of Atahrine and Quinine — In agreement ■with the observations of 
other workers on parasitized red blood cells (3, 4), it was found that low 


Table V 

Effect of Atahrine and Quinine on Rate of Oxygen Uptake by Parasites 


Type of cell 

i 

Substrate i 

1 

Ko. of 
erx>eri* 
ment5 ' 

Atabrise 

Qoiniae 

la 

1 0.001 K 



|0J!0OI Jt 

InJubitioa 





ferceiiS 

ferunt 

fer cent 

fer cent 

Separated para- 

Glucose, 0.011 31 

5 


51 

24 

so 

4 

sites 

“ HCK, 0.001 

2 


7 

9 

9 

6 


M + cresyl blue. 




j 




0.03 mg. per ml. 








Lactate, 0.0125 si 

2 



20 




Pyruvate, 0.002- 

2 


63 

23 




0.003 St 








Succinate, O.OOS si 

6 


1 

18 




Pumarate, 0.008 “ 

5 



15 



Parasitized red 

Glucose, 0.011 “ 

3 


55 

22 



cells 











1 rafira- 

resftre- 

rtsfira- 




i 


1 thry 

1 /crjr 







^^vetient 


fucltnt 



Separated para- 

1 “ 0.011 " 


0.93 

o.ss 

o.ss 



sites 

1 



i 





concentrations of atahrine and quinine had onlj' a slight effect on the rate 
of parasite respiration, while higher concentrations, e.g. 0.001 m, did in- 
hibit significantly. Since there was little change of r.q. in the presence of 
atahrine, and since the inhibition did not differ markedly ■with various sub- 
strates, there was no immediate clue as to the stage of oxidation ■with 
which atahrine might interfere. In contrast to the action of cresj'l blue, 
the characteristics of inhibition by atahrine are similar in parasitized red 
cells and in separated parasites. 

In view of certain observations^ (20, 21) on inhibitions of flavoenzyme 

* Unpublished results of the authors. 
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activity, it seemed worth investigating whether interference by competition 
with the prosthetic group of one or more flavoproteins might account for 
the observed atabrine inhibition of parasite respiration. The study of 
“cyanide-cresyl blue respiration” permitted an opportunity for a test of 
such an assumption. It was found, however, that respiration under these 
conditions was practically unaffected in the presence of concentrations of 
atabrine and quinine as high as 0.001 m (Table V). It would seem, there- 
fore, that if respiration in these cells under such conditions actual^ is 
mediated through a flavoprotein, the latter may be one that, like Straub’s 
flavoprotein from heart muscle (15), is not subject to dissociation by ata- 
brine.'* 


SUMMARY 

1. A method is described for the separation of Plasmodium lophurae 
parasites from the red cells of parasitized duck blood. The separated para- 
sites had an oxygen consumption that averaged 70 per cent that of the 
original blood. The rate of oxygen uptake with glucose as substrate was 
stable for 60 to 90 minutes at 37° and thereafter declined slowly. 

2. Parasites washed free of glucose also showed an oxygen uptake inth 
certain other substrates; with lactate and pyruvate the rate was appro.xi- 
mately the same as ivith glucose; with succinate and fumarate it was 30 
per cent of the glucose rate. 

3. The oxygen uptake of the parasites ivas completely inhibited by 
cyanide and could be restored partially (40 per cent) by cresyl blue, al- 
though cresyl blue alone inhibited normal respiration to some e.xtent. 

4. The inhibition by atabrine and quinine of the oxygen uptake of the 
separated parasites with various substrates is described. Only at a con- 
centration of 0.001 M was inhibition marked, approximately 50 per cent. 
There was no selective inhibition of the oxidation of glucose, lactate, 
pyruvate, succinate, or fumarate. The cyanide-cresyl blue respiration 
was not affected by atabrine and quinine. 
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METABOLISM OF THE MALARIAL PARASITE, WITH REFER- 
ENCE PARTICULARLY TO THE ACTION OF 
ANTIRLALARIAL AGENTS 


II. ATABRIKE (QUINACRtNE) IKHIBITIOX OF GLUCOSE 
IN' PARASITES INITIALLY DEPLETED OF SUBSTRATE. 

BY ADENYLIC ACID* 


OXIDATION 

REVERSAL 


By JIARUNNA R. BOVARNICK, ANN LINDSAY, MiD LESLIE HELLERMAN 

(From Ihe Department of Physiological Chemistry, The Johns Hopkins University, 
School of Medicine, Baltimore) 


(Received for publication, Januarj’ 22, liH6) 

As described in Paper I (1), atabrine, except in relatively high concen- 
trations, does not markedly inhibit the oxygen uptake of Plasm wm 
lophurae under the conditions there reported. However, it wm ^ -s 
quently noted that parasites that have been thoroughly exhausted o su 
strate oxidize glucose only after an induction period; in the presence o 
atabrine the oxygen uptake then is strongly mhibited at cot^ era j 
lower concentrations than is the case uith cells not depriv ed 
A further study of this phenomenon was undertaken and is described ow . 


Methods 


The erythrocyte-free Plasmodium lophurac parasites were obtamed ^ 
previously described (1) from fresh, washed parasitized duck red biooci 
cells, or from such cells after 24 hours storage at 0°, and were u^ within a 
few hours of the time of preparation. The only apparent dinerence e 
tween parasites prepared from fresh and from 24 hour red cells was a o^ er 
total activity in the latter case in which the rate of 0: uptake wi glucc^ 
averaged 82 per cent (70 to 94) that of parasites prepared from fresh red 
cells. In these experiments the cells were washed twice with u er con 
taming no ^ucose, four times the oripnal cell suspension vo ume eing 
used for each washing. The usual buffer (1) was used except for expen- 
ments that required phosphate analy'ses. Here, the parasites 
irith a salt solution of the following composition.; KCl 0.0S26 M, Naui 


0.0574 M, MgSOt 0.0015 m. , 

To complete the removal of oxidizable substrate from t e 

they were suspended in glucose-free buffer, 0.6 ml. of cells, an^ 1. 

buffer in Warburg vessels and shaken at 3/°, usually for 100 minu es; 


* The work described in this paper was done under a 
Committee on Medical Research, between the Office of Scientific Researc 


velopment and The Johns Hopkins University. 
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0.2 ml. of 0.07 or 0.14 m glucose was added from the side arm. Readings 
were taken at 15 minute intervals. Other additions were made initially 
or with the glucose, as indicated, the final volume being kept the same. 
For e.xperiments in which changes in phosphate were followed, the usual 
phosphate-salt solution could not be used as buffer, and veronal proved to 
be strongly inhibitory. However, egg albumin, in a final concentration of 
about 2.5 per cent (3.4 mg. of N per ml.), was found to be an essentially 
inert and non-inhibitory buffer. It was prepared according to Kekwick 
and Cannan (2), dialyzed free from salt, and adjusted to pH 7.6 and to 
the desired protein concentration after determination of total nitrogen 
by Kjeldahl analysis. It was also adjusted to the same salt concentration 
as the above KCl-NaCl solution and then sterilized by Seitz filtration. 
In this way it could be kept in solution ready for use and free from bac- 
terial contamination almost indefinitely at 0°. 

Adenosine triphosphate (ATP) was prepared from rabbit muscle accord- 
ing to Needham (3). Adenylic acid (adenosine-5-phosphatc) was pre- 
pared from ATP by Ba(OH)2 hydrolysis, as described by Kerr (4). Crude 
coenzyme I (DPN) was prepared by the method of Williamson and Green 
(5) and was found to be 35 per cent pure. Flavin-adenine-dinucleotide 
(FAD) was prepared according to Warburg and Christian (6). A mixture 
of FAD and flavin mononucleotide was prepared by heating a solution of 
FAD for 10 minutes in n HCl at 100° (7). It was found to have decreased 
activity ivith d-amino acid oxidase and no benzyl alcohol-ex'tractable pig- 
ment. 

When glucose disappearance as well as O 2 uptake was to be followed, the 
contents of the Warburg vessels were transferred to centrifuge tubes, cooled, 
centrifuged, and the supernatants used for analysis for reducing ability 
by the Folin-Malmros method ((8), Umbreit (9) p. 103). 

When changes in phosphorus (P) distribution were followed, a total vol- 
ume of 3.2 ml., with proportionate increase in the parasite suspension 
volume from 0.6 to 0.8 ml., was used in each Warburg vessel. At the de- 
sired time the contents of three similarly treated vessels were combined 
and cooled. 1 volume of cold 16 per cent trichloroacetic acid was added, 
the mixture centrifuged and filtered, and 2 ml. of the filtrate used for each 
analysis. In a few cases parasites and supernatants were analyzed sep- 
arately. The flask contents were centrifuged cold and the supernatants 
removed. The parasites were extracted with 8 per cent trichloroacetic 
acid and the supernatants precipitated with 1 volume of 16 per cent tri- 
chloroacetic acid. Aliquots of each fraction equivalent to 1 ml. of the 
original reaction mixture were used for the analysis. Since in most in- 
stances the absolute amounts, and in all oases the concentrations of all P 
fractions were considerably higher in the cells than in the supernatants. 
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the cells ■i^ere not washed before extraction -nith trichloroacetic acid. 
Analj-ses for inorganic, total, and labile P were all carried out in duplicate, 
essentiall}' as described by Le Page and Umbreit ((9) p. 163). 

Results 

In Table I are summarized the results of numerous experiments on the 
rate of oxj'gen uptake after addition of various substrates to parasites 
that initially uere shaken for 100 minutes in substrate-free buffer. In 
order to average the results of e.\periments done at different times, all the 


Table I 

Rale of Ozjdalion of Various Substrates by Parasites Initially Depleted of Substrate 


Substrate 

Sub- 
strate 
added 
to coo 
depleted 
celU 

Relative rates* 

Substrate added after 
depletioa 

Per cent inhibition 
of final rate by 0 0001 u 
atabnse 

' No of 
expen 
meets 

0-lS 

mm 

lS-30 

mm 

Fi 

cal 

Glucose 

it 

0 006 

100 

23 

8 

34 

59 

80 (50-95) 

t 

0 006 

100 

11 

6 

26 

57 

87 (83-95) 

Lactate 

0 0125 

109 

4 

41 

59 

61 

20 (15-25) 

Pj nn ate 

0 002 

95 

4 

20 

54 

58 

38 (10-60) 

Succinate 

0 OOS 

31 

2 

17 

25 

15 

38 (36-40) 

Fumarate 

0 OOS 

28 

2 

9 

21 

15 

0 (-b20 to -20) 

Adenosine tnphosphatej 

0 00024 

29 

2 

1 5 

16 

13 

15 (0-30) 

Adenjlic acidt 

0 00024 

26 

3 

9 

17 

14 

16 (16-17) 


* Rates relative to the rate of oxidation of glucose by the same parasite prepara- 
tion, taken as 100, when the glucose was added simultaneously with the parasites 
t These comprise tests solelj with those parasite preparations that a ere studied 
with the other substrates The first line includes all glucose tests (see the text) 

I Included here for conxenience of representation, compare foot-note 1 

rates were calculated relative to the rate of oxidation of glucose by the 
same parasite preparation, uhen the glucose vas added to the reaction 
mixture simultaneously with the parasites. Moreover, in axeraging the 
results for this and Tables II to X, duplicate experiments with para- 
sites from any one blood sample, ex’en if conducted on different days, 
have been counted as one experiment, since the results always agreed 
closely except for a gradual decrease in absolute actiAdtj’ with age On the 
other hand, especially' with regard to their sensitivity to atabrine, different 
blood samples varied The column headed “Final” in Table I refers to 
the rate 40 to 90 minutes after addition of substrate to depleted cells 
Hy this time the cells to which glucose had been added had achieved their 
maximum, relatively constant rate of O* uptake. 
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With all substrates the rate during the first 15 minutes was less than the 
final rate. However, the difference was conspicuously greater for glucose 
than for the other compounds, with the exception of ATP,' rvith which the 
delayed increase in O 2 uptake probably was associated with the imperme- 
ability of the cells to the ATP itself.- Pyruvate also gave evidence of a 
slight incubation period during this interval. On the basis of the more 
reliable data for the second 15 minute period it is clear that only in the 
case of glucose is there a pronounced induction period. The final rate 
with each substrate was only 50 to 60 per cent of that obtained when the 
substrate was added initially, without depletion, indicating that in addi- 
tion to the reversible inhibition chiefly of glucose oxidation, some irrever- 
sible damage affecting the behavior of the parasites toward all substrates 
had taken place during the substrate depletion period. The duration of 
the induction period on addition of glucose and the extent of final recovery 
varied with the length of the initial substrate-free period. The shorter 
this period, the shorter the subsequent induction period and the greater 
the extent of recovery. 

The induction period could be shortened considerably if there was 
added during the depletion stage, or together with the glucose after de- 
pletion, any one of the following: fumarate, succinate, adenylic acid, or 
ATP (Table II). The four substances were approximately equally effec- 
tive if present during the depiction period. In the case of addition simul- 
taneously Avith glucose, the rate w'as at once increased by succinate, fuma- 
rate, or adenylic acid, but less rapidly by ATP, an effect again occasioned 
probably by the impermeability of the cells to ATP. The increased 
rate of O 2 uptake during the first half hour Avas greater than could be 
accounted for by a mere summation of the tAvo rates; i.e., for glucose and 
the second substance. The final rate AAith succinate or fumarate AA’^as sig- 
nificantly greater than the control, and only slightly greater with adenylic 
acid or ATP, as might har^e been anticipated from the fact that the first 
tAVo have been obserA^ed generally to exert an additive action Avhen used 
Avith glucose, A\-hile the latter tAA’o have not (1). 

Atabrine Inhibition after Substrate Exhaustion — When atabrine (initial 
concentration 0.0001 m) AA^as present during the depletion period, or even 
if it Avas added AAdth the substrate, the recoA^ery of oxygen uptake A\dth 
glucose usually Avas inhibited 80 to 90 per cent. This was in marked con- 
trast to the 20 per cent inhibition observed Avith this concentration of 
atabrine AAben glucose AA'as used AAdth non-depleted parasites (1). The 
average inhibition Avith substrate-exhausted parasites from tAventy-five 

1 Adenylic acid, added as such or furnished through hydrolysis of added ATP, 
possibly accelerated oxidation of an intracellular substrate (1). 

" This is discussed later. 
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blood samples was 80 per cent. With the majorit}', twenty-one, the in- 
hibition varied between 78 and 95 per cent, average 85 per cent; the other 
fom showed an average inhibition of only 55 per cent (50 to 70 per cent), 
A few experiments (Table III) were performed in which the total atabrine 
concentration was varied. These indicated that there was a rather abrupt 


Tabie II 

Effect of Sticcinate, Fumarale, Adenylic Acid, and Adenosine Triphosphate {ATP) 
on Duration of Incubation Period 

All rates are given as per cent of the rate with glucose when this is added before 
depletion. 


j Present daring depletion 

Added with glucose 

Concen- 

tration 

c 

o 

jE 

V 

*o 

d 

Z 

ReUti^'e rate 

e 

J 

& 

*o 

Relative rate after addition 
of glucose 

c 

u 

C. 

t£ 5 

It 

Q 

After addi- 
tion of 
flncose 

0-lS isia. 

15-50 nia. 

<a 

e 

E 

•o 

O 

k. 

> 

b 

o 

"5 

JS 

U 

£ 

C 

• 

£ 

a 

S 

"e 

U 

u 











0 

9 

14 

8 

64 

4 

9 


43 


66 

kmniM 


32 

56 

88 


41 

26 

87 

68 

84 

0 

4 

11 

7 

62 

5 

11 


37 


62 

IcimuKM 


28 

56 

86 


17 

20 

59 

38 

74 

0 

4 

11 

13 

71 

7 

3 


27 


55 



29 

65 

79 


7 

5 

57 

43 

55 

0 

1 

11 

8 

61 









13 

13 

59 







0 

7 

11 

5 

57 

6 

■i 


28 


53 

kimiinai 


26 

51 

69 


25 

13 

63 

45 

50 

0 

I 

9 

7 

65 

2 

4 


3S 


55 



11 

15 

73 


15 


39 


57 


SubsUnce added 


Succinate 

Fuinarate 

ATP 

" acid-treatedf 
Adenylic acid 
Veast adenylic acid 


• From the sum of the control value and the value given for the particular sub- 
Btrate in Table I. 

t Heated 10 minutes at 100° in x HCl. 


change in inhibition with increase in concentration, the concentration at 
which tins change occurred varying with different preparations. 

The cause of this difference in sensitivity in parasites from certain blood 
samples is not known. It may be that the inhibition depends not upon 
the total atabrine added, but rather on the actual concentration in the 
parasites, and that this in turn varies with the free atabrine concentration. 
The latter quantity was estimated by analysis (10) of the supernatant 
after removal of the parasite-nuclei mixture by centrifugation. With a 
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total atabrine concentration of 1 X 10 ~' m, tlicrc was found in one experi- 
ment a free atabrine concentration of 0.05 X 10~^ m and in a second 0.1 
X 10“^ M. A total atabrine concentration of 3 X 10~' m gave a free 
atabrine concentration of 0.4 X 10“'* m in both instances. With nuclei 
from normal blood, prepared in the same way as the parasite-nuclei mix- 
ture, 10“'' M atabrine added gave a free concentration of 0.16 X 10“' m. 
These results indicate that the free atabrine was decidedly lower than the 
total. A large portion of the atabrine is removable by the nuclei, and 
may be unavailable for the parasites. It is conceivable that there might 
be variation in the amount of atabrine bound by the nuclei, and, since this 
is so large a proportion of the total, small vaiiations might lead to greater 
variations in free atabrine and hence in the effectiveness resulting from 
any particular initial concentration. Whether there would be better 


Table III 

Relation between Concentration of Atabrine and Adenylic Acid and Inhibition of Ghicose 
Oxidation in Substrate-Depleted Parasites 

Atabrine 


0.00003 u 


0.0001 M 


0.0003 V 


Adenylic acid 


0 

0 

0.00012 M 

1 0.00024 u 

0 

1 0.00012 SI 

0.00024 M 

Per cent Inhibition 

82 

89 

31 

9 




10. 

79 

7 


79 

29 


22 

81 

78 

23 

85 



62 

86 


32 

88 


43 


quantitative correlation between the degree of inhibition and the free 
atabrine concentration is not known. 

It can be seen from the data in the last column of Table I that the 
atabrine inhibition of oxygen uptake by substrate-depleted cells is very 
much more marked with glucose than with any other substrate, ^^ffien, 
in place of glucose, there was added after depletion lactate or fumarate, 
the inhibition by atabrine Avas no greater than Avhen these substrates Avere 
used AAuth non-depleted cells (1). With succinate there AA'as a somcAAdiat 
greater inhibition, but the absolute rates AAith this substrate AA^ere almost 
unreliably Ioav under the neAV conditions. Pyruvate oxidation by the de- 
pleted cells also shoAved an increased sensitivity to atabrine. HoAA^ever, 
the magnitude df this sensitivity has not been thoroughly explored. The 
results AA'ere more variable than Avith glucose, and in no case AA'as the final 
inhibition as great. 
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It must be emphasized that the atabrine “block” was obsen’ed onlj" wth 
separated parasites. When parasitized red blood cells were washed several 
times with glucose-free buffer and resuspended in buffer, their oxygen 
uptake was reduced to about 25 per cent of the rate with glucose and this 
rate declined only slowly during the course of 3 to 4 hours, in contrast to 
the rapid decline of the rate with washed, substrate-free parasites to nearlj" 
zero in about 100 minutes. Since it was impracticable here to obtain 

Table W 


Antagonism by Various Substances; Glucose Oxidation in Substrate-Depleted Parasites 





Per Cent inhibiUoa by 0X001 ic atabrine 


addition 

perimtnts 

Control 

Plus anta^nist 
(Ut colnmn) 

ATP,* 0.00024 M 

m 

4 

8S (78-93) 

32 (25-39) 



5 

88 (81-92) 

34 (25-39) 


msm 

1 

88 

72 

Adenylic acid, 0.00024 m 

0 

7 

85 (79-92) 

25 (7-33) 


0 

1 

84 

77 


100 

9 

84 (71-93) 

25 (3-45) 

Succinate, 0.008 u 

0 

3 

83 (79-90) 

45 (40-52) 


0 

3 

88 (83-95) 

80 (77-85) 


100 

2 

84 (60,87) 

74 (67, 82) 

Fumarate, O.OOS u 

0 

2 

84 (80, 88) 

38 (35, 40) 


0 

3 

80 (76-83) 

68 (66-71) 


100 

3 

86 (83-89) 

72 (70-76) 

Yeast adenylic acid, 0.00024 M 

0 

1 

88 

89 


100 

2 

72 (56, 88) 

70 (54 , 86) 

Crude DPK,t 160 -r per ml. 

0 

1 

79 

35 

Same, autoclaved 

0 

1 


40 

ATP, 0.00024 M 

0 

i 1 

90 

35 

Same, acid-treated^ 

0 

1 


88 


* Adenosine triphosphate, 
t See the text. 

t Heated 10 minutes, n HCl, 100°. 


substrate-depleted parasitized red cells, glucose was added after a 35 hour 
period, when the rate was still 15 per cent of the control, whereupon the 
O 2 uptake at once increased and reached its maximum value vith only a 
slight induction period. Under the conditions, the recover^' was hardly 
significantly more sensitive to atabrine than was the normal oxj’gen uptake. 

Reversal of Atabrine “Block” by Adenylic Add — ^The effect of atabrine 
upon glucose utilization in parasitic cells initially substrate-depleted can 
be partially or completely prevented by the addition of adenylic acid or 
ATP (Table RO. There is some variation in the extent of the reversal. 
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but in only two of the eighteen blood samples tested was the inhibition 
not significantly decreased by the one or the other. Variation in response 
to any fixed concentrations of inhibitor and antagonist would be antici- 
pated from the variations in atabrine sensitivity and the dependence of the 
degree of reversibility upon both atabrine and adenylic acid concentration 

Table V 

Comparison of Effect of Adenylic Acid and Fumaralc on Atabrine Inhibition in 
Snbstrate-Deplcted Parasites 

The rates, e.xcept for the values in parentheses, are those attained CO to 120 min- 
utes after addition of the indicated substances to substrate-depicted cells, at which 
time those to which glucose alone had been added had readied their maximum rate of 
Oj uptake. In the last two experiments fumarate and adenylic acid, when present, 
were added at the start of the depletion period and the values in parentheses are the 
rates of oxygen uptake during that period, before addition of glucose. All rates arc 
given in terms of microliters of Oj per 15 minutes. 


Experi* 

mentNo. 

Initial 

rate 

with 

glucose* 


Afobrine 

D 

o.ooot 

u 

0 

0.0001 

1 

1 

B 

a 

o 

1 

a 

o 

Fumarate 
added from 
side arm 

Adenylic 
acid added 
irom side 
arm 

Glucose added from side arm 

No other 
addition 

With 

fumarate 

With 

adenylic 

acm 


mtcroti’ 













Ur s Otto 













IS min. 












50 

30.4 

Final rate 

5.0 

3.8 

4.3 

3.6 

17.8 

ISWil 


6.6 

18.0 

nsin 


$ 

% inhibition 


22 


16 


83 


71 


26 

42 

28.3 

Final rate 

5.5 




17.4 

2.6 

reiri 

5.8 

18.7 

11.3 



% inhibition 






85 


■ 






Fumarate 

Adenylic 










added with 

acid added with 










parasites 

parasites 







38 

28.3 

Final rate 

(8.9) 

(7.7) 

(6.5) 

(5.7) 

19.6 

2.3 

26.6 

16.1 

22.7 

14.4 



% inhibition 


(14) 


(12) 


88 


Ml 


36 

60 

24.8 

Final rate 

(5.2) 

(4.5) 

(6.0) 

(5.8) 

12.4 

2.1 

19.6 

6.6 

13.6 

9.2 



% inhibition 


(12) 


(3) 


83 

[66 1 


32 


* Glucose added before substrate depletion. 


(Table III). The averaged results given in Table IV indicate also a fairly 
frequent reversal by succinate and fumarate. When comparisons were 
made between adenylic acid and succinate or fumarate with the same para- 
sites, the atabrine antagonism usually was decidedly more marked with 
the former (Table V), although in a few experiments fumarate appeared 
to bring about as good reversal of the inhibition as did adenylic acid 
(Table V, Experiment 38). From these results it might be supposed that 
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any substance capable of producing an increased oxygen consumption 
could in a non-specific way lead to decreased cell damage and consequent!}' 
decreased atabrine sensitmty. However, this probably is not the chief 
explanation. The most efficient agents, adenylic acid and ATP, do not 
appear to prevent cell damage, as reflected by the extent of recovery of the 
rate of oxygen uptake (Table II). Also they are effective whether added 
before or after substrate depletion, whereas protection by succinate and 
fumarate is obsers'ed only when these substances are present throughout the 
experiment. The decrease in atabrine sensitivity under the latter condi- 
tions may be related to frequent observations (11-13) that the oxidation 
of numerous substrates is associated with phosphorylation and would tend 
to maintain a high concentration of ATP.’ 

In view of the rather unexpected increase in O- uptake observed upon the 
addition of adenylic acid or ATP alone to substrate-free parasites (1), it 
Seemed necessary' to find some evidence that the effects of these compmmds 
vvere not to be attributed to some impurity. Therefore four different 
preparations of adenylic acid were tested simultaneously. Two were 
prepared in this laboratory from two different ATP preparations, one of 
these being recry'staUized once and the other si.x times. The other samples 
of muscle adenylic acid were obtained from Dr. Mary V. Buell. They had 
been isolated from heart muscle at different times (14). Identical results 
with respect to (o) rate of o.xygen uptake in the absence of substrate, (6) 
shortening of the incubation period, and (c) antagonism of atabrine action 
were obtained with all preparations upon three different parasite prepara- 
tions from two different blood samples. Furthermore all of these effects 
of adenylic acid were abolished by 10 minutes hydrolysis of this nucleotide 
with N HCl at 100°, a treatment known to destroy the adenine-pentoside 
linkage (Tables II and rV^- 

Various other substances were tested for their effect upon glucose oxida- 
tion. The following had no influence at all upon the rate during the de- 
pletion period, the length of the induction period, or the inhibition by ata- 
brine: adenine 0.0013 m, spermine or spermidine 0.0004 m, pyridoxine 0.17 
mg. per ml., a mixture of flavin mono- and dinucleotides 1.7 y per ml., 
cocarboxyiase, and a mixture containing adenine, guanine, uracil, xanthine, 
thiamine, nicotinamide, nicotinic acid, p-aminobenzoic acid, pyiido.vine, 
pantothenate, riboflavin, choline, and ribose. Yeast adenylic acid (adeno- 
sine-3-phosphate) also was without effect. The crude DPX preparation 
proved capable of antagonizing atabrine; however, this effect was unaltered 
by autoclaving at 120°, and thus could not have been attributable to DPX 
itself. 


’ See “Discussion.” 
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Action of Various Agents; Adenylic Acid /Is Antagonist (Table VI) — A 
few other agents were tested for their effect on the recovery of substrate- 
depleted cells and several, like atabrine, markedly inhibited this process 
in a concentration that was only slightly or not at all inhibitory with cells 


Table VI 

Inhibition of Recovery of Oxygen Uptake in Substrate-Depleted Cells by Various Agents 


Inhibitor 

Glucose 
' added before 
' depletion 

Glucose added after substrate depletion 

1 Inhibitor (Ist column) 

1 Atabrine 

Inhibi* 

tor 

Atn* 

brine 

Concen- 

tration 

■ 

Plus 

adeoylit: 

acid 

Concen- 

tration 

■ 

Plus 

adenylic 

acid 

Inhibition 

Inhibition 

Inhibition 


per cent 

1 per cent 

u 

per cent 

per cent 

ji 

per cent 

per cent 

Quinine 

15 

25 


86 

46 


88 

34 

Plasmochin 

-13 


Iop!8km 

82 

28 


82 

77 








71 

37 




0.0003 

90 

34 


i 



4 


0.0001 

90 


0.0001 

88 

33 




0.00003 

88 

i 

0.00003 

82 


SN6911* 



0.0001 

81 

0 

0.0001 

85 

15 

SN10,447t 



0.0001 

90 

0 

0.0001 

82 


Methoxyquinoline 

-12 


0.001 

0 






-20 

16 

0.0003 

8 

-14 

0.0001 

85 

35 

Sulfanilamide 

0 


0.01 

8 


0.0001 

86 

8 

Sulfathiazole 



0.01 

64 


0.0001 

88 

9 




0.005 

22 

8 

0.0001 

85 

15 

Auramine 



0.0002 

79 

45 

0.0001 

49 


SN12,710-6029t 

-10 


0.0002 

51 

6 

0.0001 

49 


SN11,627§ 



0.001 

5 

0 

0.0001 

71 

37 


* The Survey number, designated SN, identifies a drug in the records of the Survey 
of Antimalarial Drugs. The antimalarial activities of those compounds to which 
Survey numbers have been assigned will be tabulated in a forthcoming monograph. 
SN6911 refers to 3-methyl-4-(4-diethylamino-l-methylbutylamino)-7-ehlorogiiiTioZfne 
diphosphate. 

t 4-(4-Diethylamino-l-methylbutylamino)-2,3-dimethylquinoline diphosphate. 

J “Novalauramine” (Hellerman, L., and Porter, C. C., to be published). 

§ N-(4-Diethylamino-l-methylbutyl)-^-(p-dimethylaminophenyl)afaninc (Heller- 
man, L., and Porter, C. C., to be published). 

never deprived of glucose. These included quinine, plasmochin, auramine, 
“novalauramine,” and several others."' Sulfathiazole showed a slight 
inhibition only in very high concentrations (0.0 1 m). Sulfanilamide, 6- 
methoxyquinoline, and the complex amino acid, SN11,527, had no effect 
(Table VI). In view of the variability noted in atabrine sensitivity, the 

* Structures given in Table VI. 
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efifect of each compound was compared with that of atabrine upon the same 
parasites. 

Oxygen Uptake in Relation to Glucose Disappearance — As a check on the 
significance of the oxj’gen uptake measimements, glucose disappearance 
was measured simultaneously in a few experiments. The results of the 
glucose analyses were in agreement with the oxygen uptake measurements 
(Table ^TI). 

Atabrine and Adenylic Acid mth Non-Depleted Cells — ^In contrast to the 
effect of adenylic acid or ATP on substrate-depleted cells is their com- 


TableVII 

Glucose Ulilizalion in Substraie-Deplcled Cells 





1 





Experi- 

ment 

No. 




j tion per 15 min. 

Antagonist 

Irutixl 

glucose 

■ 

Plus atabrine, ' 
0X001 


Pins atabrine, 
OXOCl X 




■ 


Inhibi- 

tion 



InhiH- 

tioa 



7 

7 

7 

per ur.t 

nicTstiters 

rticTcliUrs 

fer ee%X 



210 

166 

22 

87 

19.1 

2.5 

87 


Adenylic acid, 

0.00024 M 

210 

1 16S 

168 


19.6 

16.6 

1 

15 

60t 


404 

248 

33 

87 

10.8 

2.6 

76 


Fumarate, 0.008 si 

404 

i 3.38 

39 

88 

17.5 

5.5 

69 


Adenylic acid, 

0.00024 M 

404 

358 

195 

45 

14.0 

8.2 

42 


* Adenylic acid and atabrine were both added from the side arm with the glucose 
100 minutes after placing the parasites in the bath. The maximum rates were the 
rates 30 to 60 minutes after mixing, since thereafter they declined, probably due to 
lack of substrate. The flask contents were remored for analysis 100 minutes after 
mixing. 

t Adenylic acid, fumarate, and atabrine were added to the parasites immediately 
before they were placed in the 37° water bath. 100 minutes later the glucose was 
added. The maximum rate was the rate 45 to 100 minutes later. The flask contents 
were removed for analysis 100 minutes after the addition of glucose. 

plete lack of effect on the atabrine inhibition of the oxygen uptake of cells 
never deprived of glucose (Table nil). 

Phosphate Distribution — ^In view of the apparently specific action of 
adenylic acid in antagonizing the action of atabrine and certain other com- 
pounds in substrate-depleted cells, it seemed of interest to attempt to fol- 
low alterations in the constituent phosphate compounds under various 
conditions. Ovdng to the low total phosphate concentration of the reac- 
tion mixtures and to the limited amount of parasitized blood available, 
fractionation and identification of the phosphate compounds present were 
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not- possible. Only changes in inorganic, labile, and total pho.sphate were 
followed and, since the latter two involve the difference between two analy- 
ses, the results arc probably not accurate to more than ±0.5 7 of P. The 
changes observed in the P fractions under different conditions were, how- 
ever, qualitatively quite consistent and arc therefore significant, especially 
since nuclei from normal red blood cells contained no acid-soluble organic 
P and only traces of inorganic P under any conditions. 

The results of a few typical experiments are given in Table IX. Experi- 
ments 45 and 48 illustrate the changes in P distribution observed ivhen 
trichloroacetic acid filtrates of the entire reaction mixtures were analyzed. 
As is seen in Experiment 45, C and G, there was little significant change in 
P distribution during 100 minutes incubation at 37° rvith glucose, except for 
a slight increase in inorganic and total acid-soluble P. However, when the 


Table VIII 

Effect of Adenylic Acid or Adenosine Triphosphate {ATP) on Alahrinc Inhibition of 
Oxygen Uptake in Glucose-Saturated Parasites 


j 

Rate o!'0, uptake per 15 min. 

Experiment No. 

No atabrinc 

1 Atabrine 


Glucose 

Glucose plus 
adcnyltc acid or ATP 

Glucose 

Glucose plus 
odenylicacioorATP 

m 

microtiters 

32.9 

30.4 

microliters 

32.1 

30.8 

mierotilers 

13.6 

19.9 

microliters 

13.7 

20.7 


* Atabrinc, 0.0005 m; ATP, 0.00024 m. 
f Atabrino, 0.0003 m; adenylic acid, 0,00024 m. 


cells were incubated without glucose, there ivas, as might have been an- 
ticipated, a large increase in inorganic P and a decrease in both organic and 
labile P. There was also an increase in total acid-soluble phosphate, oudng 
possibly in part to increased cellular disintegration under these unfavor- 
able conditions. When glucose was added to such substrate-depleted 
cells, and the mixture incubated for 90 minutes more, there was no further 
increase in total acid-soluble P, a small increase in organic, a decrease in 
inorganic, and an increase in labile P to close to the value found with cells 
incubated with glucose without initial depletion. Addition of atabrine 
to cells during the first 100 minutes incubation either with or -without glu- 
cose caused no significant changes in P distribution, as compared to the 
corresponding controls, except for the increase in labile P found in the 
glucose-atabrine-treated cells. 

In Experiments 56 and 58 cells and supernatants were analyzed sep- 
arately. The results for both factions are given as micrograms per ml. of 
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the ori^al reaction mixtures, since the small cell volume vas not accur- 
ately measured. The figures are therefore proportional to the relative 
amounts rather than to the concentrations in cells and supernatant. For 
the cells, the changes in organic, inorganic, and labile P under different con- 
ditions were similar to those already noted in anatyses of whole mixtures. 


Table IX 

Phosphate Fractions in Parasite Reaction Mixtures 


Expert- 

T>*pe of 



Phosphate per ml. reaction taixture 



rnent No. 




















1 Total 1 

1 Inorganic 

1 Organic 

1 Labile 



wm 

y 


T 


y 


y 

45 

c 


.3 

2.1 

5.2 




G 


3.3 1 

5.1 




B 


7 

.8 

3.0 



48 

G 


4.0 

8.4 

3.4 


AG 


4.6 

8.8 

4 

.1 


B 


10.8 

5.7 

1.5 


AB 


11.5 

6.0 

1.6 


BG 

mmm 

8.6 

7.2 

3.0 



C*1U 

j 

Supema* 

UQt 

CelU 

Superna- 

tant 

Cells 

Superna- 

tant 

Cells 

Superna- 

tant 

56 

G 

8.5 

mm 

1.7 

2.4 

6.8 

0.9 


0 


B 

11.6 


5.6 

4.0 

6.0 

2.7 


0 


BG 

10.6 


3.3 


7.3 

2.6 


0 


ABG-1 

8.9 

■iiHH 

5.7 


3.2 

3.0 

0.5 

0 

58 

G 

8.0 

5.1 

1.5 

2.8 

6.5 

2.3 

2.4 

0 


B 

9.2 

6.8 

5.6 

4.6 

3.6 

2.2 

1.0 

0 


BG 

8.7 

8.1 

2.9 

5.1 

5.8 

3.0 

2.7 

0 

1 

ABG-2 

1 

9.3 

7.9 

4.3 

5.9 

5.0 

2.0 

2.1 

0.1 


* C, freshly prepared parasites diluted with egg albumin-chloride buffer as for 
Oi uptake measurements. In other e.xperiments the parasites were shaken in War- 
burg vessels at 37° with additions and times as follows : B, no substrate, 100 minutes; 
G, glucose 0.006 si, 100 minutes; BG, no substrate, 100 minutes, then glucose, 00 
minutes; AG, glucose 0.006 m plus atabrine 0.0005 si, 100 minutes; AB, atabrine 
0.0001 SI, no substrate, 100 minutes; ABG-1, no substrate, 100 minutes, then glucose 
0.006 SI plus atabrine 0.0001 si, 90 minutes, SO per cent inhibition of final rate;ABG-2 
no substrate, 100 minutes, then glucose 0.006 si plus atabrine 0.000075 si, 90 minutes, 
45 per cent inhibition of. final rate. 

The changes in the supernatant fractions were less characteristic. In 
general the total extracellular P increased as the total incubation time was 
prolonged, and under all conditions the inorganic P comprised 60 to 70 per 
cent of the total extracellular P. However, it is noteworthy that although 
some organic P was always found in the supernatant, labile P was never 
present. 
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As mentioned above, identification of the P compounds in the para- 
sites under different conditions was not possible. However, attempts were 
made to identify some of the P fractions in parasites freshly prepared from 
30 to 40 ml. of parasitized blood. The centrifuged parasites were ex- 
tracted once with 10 per cent trichloroacetic acid and then the barium 
salts were precipitated from the extract at pH 8.2 by addition of barium 
acetate and alcohol. The precipitate was dissolved in dilute acid and the 
water-insoluble salts precipitated at pH 8.2. Both the soluble and in- 


Taulk X 

Analysis of Watcr-Insolnhlc Ttarinm Salts in Trichloroacetic Acid Extract of Parasites 



Experiment I 

Experiment II 

Total volume of blood sample, ml 

44 

30 

Parasite count, X 10* per ml 

Rates of Oj uptake with glucose, microliters 

12.5 

11.5 

Oi per IS min. per 0.6 ml. parasites i 

34.7 

29.1 

Organic P, micromoles 

11.6 

6.98 

Labile “ " ' 

8.7 

5.59 

Organic “ “ 

14.9 

9.11 

Pentose, micromoles 

4.15 

3.19 

Nitrogen, '* 

18.9 

15.3 

Reducing sugar 

Calculated 
for adenosine 
triphosphate 

Labile P 


0 

X r-x 0.67 

Organic F 

Labile P 

0.58 

0.61 

r— 2.0 1 

Pentose 

N 

2.1 

1.8 

5 — — 5.0 

Pentose 

4.5 

4.8 

Labile P in original .extract, micromoles 

17.4 

11.8 

Recovery in this fraction, % 

50 

48 


soluble fractions were nearly completely consumed by analyses for inor- 
ganic, labile, and total P, and pentose (15), fructose (16), nitrogen, and 
free reducing sugar (Umbreit (9) p. 103). Therefore no further purifica- 
tion of either fraction was possible. No conclusions could be drawn from 
the analyses of the water-soluble barium salts, but analysis of the insoluble 
fraction suggested that it consisted largely of inorganic P and adenosine 
triphosphate. The latter represented about 50 per cent of the labile P 
present in the original acid extract (Table X). 

DISCUSSION 

A tentative explanation of the results may be offered if it is assumed that 
the carbohydrate metabolism of Plasmodium lophurae is similar to that of 
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certain other cells; e.g., mammalian tissue cells. This assumption receives 
general support from the work of Speck and Evans (17), who showed that 
various enzjines \nth fimction similar to those involved in the carbo- 
hydrate metabolism of tissue cells can be extracted from Plasmodium 
gallinaceum parasites. Glucose is the only substrate whose utilization 
appears markedly to be delayed after substrate depletion. Since, more- 
over, its oxidation can be initiated more rapidly if ATP or adenylic acid is 
added, it seems probable that the induction period is to be attributed to 
the requirement for phosphorylation of glucose before the latter can be 
utilized. This process occurs rapidly only with adequate ATP or when 
some coupled oxidation is taking place. In the fermentation of glucose by 
yeast extracts, it is knomi that a similar induction period can be decreased 
bj' small amounts of hexose diphosphate (18) which exudently initiates the 
oxidation-phosphorylation cycle. We have found 1 ,6-diphosphofructose 
to be without effect on the parasites, owing probably to their impermeabil- 
ity to this substance. Cellular impermeability to .\TP may account also 
for the gi'eater effectiveness of adenylic acid in shortening the induction 
period under certain conditions (Table II). The phosphate analysis of 
cells and supernatants indicates that no labile phosphate can escape from 
the cells, although there wa.s escape of some stable organic P; presumably 
added ATP must have undergone preliminary hydrolysis in the reaction 
mixtures. The shortening of the induction period by succinate and fuma- 
rate may be assignable to an increased rate of formation of .4.TP from aden- 
ylic acid in the cells; in mammalian tissue their oxidation is accompamed 
by phosphoiylation (11-13). 

If the above explanation of the induction period is correct, atabrine must 
interfere nith some phosphorylation reaction. The antagonism to the 
effect of atabrine exhibited by adenylic acid and .\TP suggests that atabrine 
niaj- compete uith one or both for some enzjme. In cells already metab- 
olizing glucose the relatively lower degree of inhibition by atabrine is not 
affected by an increased adenylic acid concentration. In such cells the 
adenylic acid presiunabl 3 ' is kept chieflj' in the form of ATP during the 
continuous oxidation of glucose. Under these conditions adenjdic acid 
Would not escape, and a high concentration of ATP would be maintained ; 
thus anj' competitive effect of atabrine would be negli^le. In parasitized 
red blood cells incubated for 3 to 4 hours without substrate the absence 
of an induction period and of significant inhibition bj* atabrine of the oxida- 
tion of glucose maj- also be attributable to conservation of ATP accompanj'- 
ing their low but continuous rate of oxygen utilization. A similar effect 
maj' account for the occasional prevention bj’ fumarate of atabrine inhibi- 
tion in separated parasites deprived of glucose. 

Interference bj- atabrine with a phosphorylation would be not incon- 



5.50 


MKTAnOMSM OF MALARIAL PARASITE. H 


sistent with the rcKulta of Speck and Evans (17) relative to the sensitivity 
to atabrine of various enzymes in Plasmodium gallinaccim. These authors 
found that hexokinase, which catalyzes the phosphorylation of glucose by 
ATP, was more strongl}'' inhibited by atabrine than Avere any of the other 
identifiable enzymes of carbohydrate metabolism. There was no evidence 
ns to the effect of excess A'J'P in relation to the inhibition. 

Whether the kind of inhibition by atalirine described in this paper is at 
all associated with its in vivo activity is not certain. Against such a hy- 
pothesis is the obseivation that the inhibition has been observed to occur 
only in erythrocyte-free jmrasites dejnived of glucose. The- phenomenon 
may not be related to the inhibition of “normal” respiration; i.c., in non- 
depleted cells, Avhere adcnvlic acid has appeared to be devoid of any effect 
(Table VIII). 

On the other hand it is possible that even in the jnescnce of glucose 
atabrine may cause interference with some jihosphorylation reaction essen- 
tial to the life or reproduction of the cell. Such a phosphoiylation Avould 
not necessarily be rate-limiting with respect to respiration. The inhibition 
of normal respiration by atabrine might then be attributable to some other 
reaction. The assumption, admittedly hypothetical, that the mode of 
action of an agent on any one organism may not bo alwaj's the same 
when conditions are varied, is in accord with obsei'vations of the sensitivity 
of a wide variety of enz3mes to the action of atabrine and other anti- 
malarial drugs (17, 19-21).* 


SUMMARY 

1. AATien glucose is added to ery^throcyte-free Plasmodium lophurac 
parasites that initiallj' have been Avashed free from glucose and incubated 
100 minutes at 37° in the absence of substrate, oxj^gen uptake is resumed 
onlj’- sloAvlj'. The induction period is decidedl}' less marked AAith the other 
substrates, lactate, pyruvate, succinate, and fumarate. The recoveiy of 
oxygen uptake by such cells on addition of glucose is inhibited usually 
75 to 90 per cent by atabrine initiallj" 0.0001 m, a concentration that causes 
onl.A" a 20 per cent leduction in rate of oxj'gen uptake bj" celts that have 
not been first deprived of gluco.se. This marked inhibition is not observed 
with substates other than glucose. An effect .similar to that of atabrine 
is observed AA’ith quinine, plasmochin, and other related drugs; not with 
sulfanilamide, sulfathiazole, or 6-methoxyquinoline. 

2. The atabrine inhibition of oxygen uptake by substrate-depleted cells 
can be prevented partly or completely by adenylic acid or adenosine tri- 
phosphate. 

5 Unpublished results of the authors. 
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3 Determination of glucose utilization by analysis for reducing sugai 
confirms the above results obtained by measuiements of the rate of o>:j'gen 
uptake. 

4. Analysis for changes in total, labile, and inorganic phosphorus of para- 
site reaction mbrtures under various conditions indicates that 100 minutes 
incubation in buffer, ivithout substrate, leads to an increase in inorganic and 
total acid-soluble phosphorus and to decrease in organic and labile phos- 
phorus On subsequent addition of glucose the changes in organic, in- 
organic, and labile P are partially reversed, unless atabrine is present in 
concentration sufficient to prevent oxj'gen uptake. Separate analysis of 
cells and supernatant indicates that, although some organic phosphorus 
appears in the supernatant, no labile pbosphonis is ever present outside the 
cell. 

5 It is concluded that the induction periodm theovidation of glucose by 
substrate-depleted cells is attributable to the necessity for phosphorj'lation 
of glucose before this substrate can be utilized, and that atabrine interferes 
with this phosphorylation, possibly by competition ■si'ith adenylic acid, 
adenosine triphosphate, or both. 
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FLAVOENZYME CATALYSIS 

IXHIBITION OF d-AjaXO ACID OXIDASE BY COMPETITIOX WITH 

FIAVIX-ADENINE-DINUCLEOTIDE of ATABRIXE (QtaXACRIXE), 
QUIXIXE, AXD CERTAIN- OTHER COMPOUNDS* 

Bt LESLIE HELLEIUUX, AXX LIXDSAY, .o;d ^LARIAX-XA R. BOVARXICK 

(From the Department of Physiological Chemistry, The Johns Hopkins Universily, 
School of Medicine, Rallimore) 

(Received for publication, January 22, 1&I6) 

Prewous studies in this laboratorj' on the catelj'-sis by the flavoenzj-me, 
d-amino acid oxidase, have been concerned with the specificity of the en- 
zjTne^ and with an inhibition of its actmty by a group of compounds’ the 
members of which act apparently to affect the orientation of the substrate 
to the complete enzyme. In the latter investigation it was found that the 
characteristics of the competition displayed by the benzoate ion (1) with 
respect to the substrate are exhibited in some degree by a large number of 
compounds incorporating the conjugate system’ 

O 

H H 

— o=c~c 

\ 

o- 

Phe phenomena relating to inhibitions of biocatalj-tic sj-stems, and par- 
ticularly the reversible actions thereupon, are of manifest current interest 
rnth respect to the mode of action of certain compounds. In addition, 
there recently has been considerable interest in the antagonism to the action 
of some chemotherapeutic agents that is exhibited by certain growth factors 
of similar structure. It seemed possible that the action of certain anti- 
malarial drugs upon malarial parasites might also be related te some such 
competitive effect. To this problem an approach may be made with respect 

* The work described in this paper was done under a contract , recommended by the 
Committee on Medical Research, between the Office of Scientific Research and De- 
velopment and The Johns Hopkins Universitv*. 

The investigation was supported in part by an allotment under the Rockefeller 
Foundation Fluid Research Fund. 

' Hellerman, L., Lindsay, A., Weisiger, J. R., and Ramsdell, P., unpublished data. 

’ Hellerman, L., and Lindsay, A., unpublished data. 

It would appear that the presence of this configuration as an element in the 
structure of the inhibitor predisposes the latter for reversible combination with char- 
acteristic acceptor group or groupings of the complete enzyme, in competition with 
tile substrate (see foot-note 2). 
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to the potential interference of various suhstanres in the nictaholio processes 
of living or “surviving” cells (2, 3) as veil as to reversible or incversible 
actions upon isolated enzymes. Our work with parasitic cells has been 
paralleled with studies of various enzymes including catalase, lipase, and 
several flavoenzymes, ospcciallj' d-amino acid oxidase, an available, rela- 
tively stable representative of the flavoprotcins capable of dissociation. 
Meanwhile, the observations of Wright and Sabine on the lowering of an 
atabrine inhibition of tissue rc.spiration and of rf-araino acid oxidase activity 
by flavin-adenine-dinucleotidc (4) and the similar finding of Haas (5) with 
respect to cytochrome reductase of yeast eonveyed suggestions that ata- 
brine might be capable of competition in vivo for one or more essential 
proteins with flavin nucleotides, Avhieh are combined forms of the A-itamin 
riboflavin. In this paper is described an investigation of d-amino acid 
oxidase in a quantitative studj' of the effect of atabrine and quinine and a 
more or less qualitative comparison of the action of related compounds. 

Our results do not uphold a hypothesis of a specific antagonism between 
atabrine and FAD, comparable to the sulfonamide-p-aminobenzoate rela- 
tionship (C, 7). They indicate rather that atabrine, quinine, and the sulfon- 
amides all belong to a class of compounds capable of combination with 
proteins. This combination may, with certain enzymes, result in competi- 
tion for the prosthetic gi’oup, but such competition cannot be attributed 
to a close structural similarity between inhibitor and prosthetic group. 
MoreoA'er the extent of inhibition by these compounds cannot always be 
interpreted on the assumption of a complcteh' reversible combination. 

^^etho(is 

d-Amino acid oxidase Avas prepared from lamb kidnej'S and separated 
from the prosthetic group, as described by Warburg and Christian (8). 
The precipitate obtained after treatment AA'ith acid ammonium sulfate Avas 
dissolved in Avater and a little pyrophosphate, 0.2 si, pH 8.3, and used 
Avithout further purification. 

Flavin-adenine-dinucleotide (FAD) AA-as prepared according to Warburg 
and Christian (8). Its purity AA’as determined spectrogiaphically by com- 
parison AA'ith riboflavin. The first preparation A\'as found to be 52 per cent 
pure, and the second 100 per cent. The latter Avas used in most of the 
experiments. 

For measurement of enzymatic acthdty the rate of Oo uptake AA'ith d- 
alanine as substrate was determined b 5 ’' the usual Warburg technique. Un- 
less othei-AA'ise stated each vessel contained in the final reaction mixtuieO.OS 
SI d/-alanine^ and 0.0625 si pyrophosphate, pH 8.2, in a total volume of 

In this reaction mixture, tlie f-alanine neither nets as a substrate nor interferes 
nith the functioning of the rf-amino acid oxidase. 
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3.2 ml. The enzjTne, 0.3 to 0.4 ml., was added from the side arm. To the 
enzjTne solution had been added crystalb'ne catalase in an amount sufB- 
eient to prevent the appearance of any hydrogen peroxide. Inhibitors 
and FAD were added in the main compartment to give the indicated final 
concentration. Solutions of all acid or alkaline substance.s were adjusted 
to pH 8.2 before use, except quinine dihydi'ochloride. This .substance did 
not remain in solution at pH 8.2 in the concentration requireil for the stock 
solution ; it was adjusted to pH 6, and in the final concentrations imder the 
conditions used, remained in solution and did not alter the pH of the re- 
action mixtures. For initial experiments the bath temperature was 30°, 
and the gas phase, air. Later experiments were conducted at 37°. Oxy- 
gen was the gas phase for quantitative experiments, while air served for 
qualitative purposes. The vessels were shaken 10 minutes for temperature 
equilibration, after which the side arm contents were added, and readings 
taken at 5 minute inteiwals, starting 5 minutes after mi.xing. The rate 
of 0; uptake was linear for 30 to 40 minutes and, with excess FAD, was 
directly proportional to the enzjme concentration for rates less than 150 
microliters of Oj per 20 minutes. An enzyme concentration was usually 
selected that would give a maximum velocity between 90 and 140 micro- 
liters of Oj per 20 minutes. 

For the determination of the dissociation constant of theenzj-me-quinine 
or atabrine compound, the rate with five to six graded concentrations of 
Fad alone and in the presence of one concentration of inhibitor was meas- 
ured. Higher concentrations of F.4.D were used with inhibitor than with 
controls, selected so that all rates would be readily measurable and would 
range between 20 and 80 per cent of the maximum. It was impracticable 
to test in this manner more than two concentrations of inhibitor on 1 day ; 
therefore, in a few experiments several concentrations of inhibitor wore 
tested with only one intermediate FAD concentration. Duplicate experi- 
ments performed on the same day checked within 5 per cent, but enzjmc 
solutions sufficiently dilute to give the desired maximum rate at 37° with 
ttj as gas phase showed a small but significant loss in activity after 24 
hours storage at 0°. This is in contrast to the more concentrated (X 3 to 
4) solutious used at 30°, with air as gas phase, required to attain the .s;in!c 
'ate. The latter solutions were completely stable for nearly a week at 0°. 

Results 

It was found that atabrine strongly inhibited d-amino acid oxidase when 
the concentration of FAD was low, but had little effect in the presence of 
high concentrations.* Similar results were obtained with quinine and 
numerous other compounds. Tlie results of a few tj'pical experiments are 

' Compare similar observations of Wright and Sabine (41. 
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shown in Table I. Also included for comparison arc data for three other 
inhibitors, benzoic acid, p-aminobenzoic acid, and 3-diethylamino-7-di-r(- 
butylamino-l-methylphenazthionium chloride,® the actions of which arc 

Tahi.!', I 


Effect of Concentration of Flavin-Adcninc-Diniuicothlc (V AD) on Inhibition of d- 
Amino Acid Oxidase by Atabrinc and Eclated Compounds 


FAD added 

Control rate 

Inhibitor 

Inhibition 

Tempera- 

ture 

u X /O' 

mtcfoltUrs Oj 
per 20 miff. 


Jf 

per cent 

"C. 

1.1 

23 

Atabrinc 

0.001 

80 

30 

4.1 

99 



5-1 


11.0 

150 



4 


0.4 

35 

{( 

0.001 

70 

37 

2.9 

96 



' 36 


27.5 

144 



8 


0.4 

43 

Quinine 


61 

37 

2.9 

113 



28 


27.5 

179 



10 


0.4 

43 

< < 

0.003 

72 

37 

2.9 

113 



44 


27.5 

179 



21 


0.4 

43 

Plnsmochin 


71 

37 

2.9 

113 



39 


27.5 

179 



o 


1.1 

28 

Sulfanilamide 

0.01 

65 

30 

9.4 

141 



2 


0.6 

33 

Aniline 


45 

30 

2.7 

90 



21 


10.3 

131 



0 


0.3 

23 

Benzoic acid 

0.0004 

64 

30 

6.4 

119 



64 


0.3 

22 

SN82KS-4* 

0.0001 

64 

30 

6.4 

130 



58 


0.0 

17 

p-.\minobenzoic acid 

0.003 

39 

37 

1.1 

90 



36 


6.6 

142 



35 



* 3-Diet hyIumino-7-di-n-butylnmino-l -met Jiylp^cwaz/Ziionii/m chloride (Heller- 
man, L., Porter, C. C., and Bovnrnick, M. R., unpublished data). The Survey 
number, designated SN, identifies a drug in the records of the Survey of Antimalarial 
Drugs. The antimalarial activities of those compounds to which Survey numbers 
have been assigned will be tabulated in a forthcoming monograph. 

of a different nature. The phenazthionium dye appears to effect an ir- 
reversible inhibition, accompanied by visible precipitation and probably 
denaturation of the protein. Benzoate and p-aminobenzoate indeed 

* Hellerman, L., Porter, C. C., and Bovnrnick, M. R., unpublished data. 
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participate in reversible competitive inhibition, but the competition is with 
the substrate rather than the prosthetic group (!)■ and therefore is un- 
affected by FAD. 

Ea-ersible JnhMlion hy p-Chloromercuribenzoate— The d-amino acid 
oxidase is susceptible to yet a third kind of reversible inhibition, as typMed 
by its beha\ior with p-chloromercuribenzoate ion.' If 0.0001 m potassium 
p-chloromercuribenzoate solution is added to the split enzjTne 15 minutes 
before addition of excess (10~* m) FAD, the acthity is reduced to 55 p^r 
cent of the control rate. If the FAD has been first added, the rate i.s i2 
per cent of the control. If p-chloromercuribenzoate has been added first, 
followed after 15 minutes by 0.001 m HS-glutathione, and then by FAD, 
the rate is 97 per cent of the control, glutathione alone being without 
influence on the rate. The partial protection of the enzjmie with respect 
to p-chloromercuribenzoate by FAD added initially is of a different categoiy 
from the effect of FAD in connection with inhibition by quinine, atabrine, 
etc. In the latter case a high concentration of FAD prevents inhibition 
equally effectively when added before, after, or with the inhibitor. Also 
as would be anticipated, glutathione is without Muence on the action of 
these compounds. It might at first appear that, since FAD is incapa^ e o 
reversing the action of p-chloromercuribenzoate and its owm association 
with the enzyme is reversible, it should also be incapable of influencmg t le 
inhibition by p-chloromercuribenzoate. The apparent inconsistency 
probably resides in a difference in the rate of reaction of p-chloronmrcu- 
ribenzoate with enzjTne-protein in the presence and in the ab.'ence o 
FAD combines verj- rapidly; prolonged incubation leads to no greater 
activity than is observed immediately after mixing. The rcactmn e wren 
p-chloromercuribenzoate and protein is a slower one, the i 
creasing with the time allowed for reaction between protein an i i or. 
Moreover, the dissociation constant of F.VD-protein h exc ing j sma , 
especiaUy at 30°, the reaction temperature; thus in the presence of t. J 
the concentration of free protein is correspondinglv low , an t 
be reflected in a greatly decreased rate of reaction with p-chloromercun en 

zoate under the conditions. . . , 

Competitive Inhibition irith FAD— Tot further investigation of coni^t>- 
tion between prosthetic group and inhibitor, there were me u on \ ^ 

compounds that showed nearly complete reversal of in i 
presence of high concentrations of FAD, reversal being entire \ in epen en 
of the order in which the reactants were mixed. In order to summa 
the results briefly and in a way that makes po^sible a semiquan i 


• On the basis of these tests the separated protein miftht ’f 
suUhydrjI eharacter (9). but this has not iK^n completely established. . 
results of Singer and Barron (10). 



558 


f?-.\MI.VO ACID OXIDAPr: 


Tahi.k II 

Inhibition of d-Amino Acid Oxidase by Compounds That lixhibit Competitive Inhibition 
with Flavin-Adcninc-Diniiclcotidc {.FAD) 


Inhibitor 


37“ 

Range 

Cq 

■— at 30* 

C/ 

Auramine,t 0.0003-0.0009 .m 

7 

3-10 


Atabrine, O.OOOOOG-0.003 m 

2,6 

2- 5 

2 

SX12, 710-6029, t“novnlauraminc,”§ 

2 

1- 5 


0.0003-0.0009 M 




Quinine, 0.0003-0.003 

1 


1 

" inetliochloride, 0.001-0.003 m 

1 

0.5 - 1.5 

1 

6-Mcthoxyquinoline, 0.001-0.003 .^r 

1 

1 - 1 

1 

Plasmochin, 0.001-0.003 xi 

1 

CO 

o 


SN7135, 0.001-0.003 m 



1 

SN6911, 11 0.001-0.003 ii 

0.4 

0.3 - 0.5 

0.5 

SN7618, 11 0.001-0.003 “ 

0.5 

0.3 - 1 

0.5 

SN1796, 0.0003 m (approximate) 


1 

0.07 

Sulfathiazole, 0.0003-0.003 .m 

0.2 

0.15- 0.2 

0.04 

Sulfapyridine, 0.003 m 



0.04 

Sulfadiazine, 0.003 " 



0.015 

Sulfanilamide, 0.0003-0.01 ,\t 

0.07 

0.03- 0.1 

0.015 

Henzenesulfonamide,0.003-4).01 m 

0.04 

0.02- 0.1 


SXl 1,527, 110.003-0.01 m 

0.04 


1 

Aniline, 0.003-0.03 m 

0.04 

0.03- 0.05 

0.01 

Pyridine, 0.003-0.09 m 

0.02 

0.01- 0.03 

0.007 

(/(-p-Dimethylaminophenylaminoacctic 

0.03 or less 


0.007 

acid,** 0.003-0.01 m 




SX11,526, tttt0.0l“ 

<0.03 . 


<0.007 

f/t-p-Hydro.\yphenylaminoacetic ncidtt§§ 



<0.007 

4-Dlethylamino-l-methylbutylamineJt 





* Cq/Ci, ratio of concentrations of quinine and inhibitor required to give the 
same degree of inhibition at any one concentration of FAD. For discussion of the 
reliability of this ratio, see the text. 


t (p) (CH,)sN=C.H,=C-C,H<-N(CH,)2 (p'). 

Cl- JCH, 

J See the foot-note to Table I for the meaning of SN. 

§ (p) (CH,)2N=C.H,=C-C,H4-N(CH,). (p') 

HN— CH— (CU.)^N(CsH 5), (dicitratel 

I H 

CH, 

to be described. 

II Derivatives of 4-aminoquinoline; SN7618 is 4-(4-diefhylamino-l-methylbufyl- 
amino)-7-clilorcgin>ioti7ic (diphosphate). 
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Tabix II — Concluded 


*j N-(4-Diethylamiug-l-methylbut\i)-/J-(j)-d;methylaimnophenyl)aIanine, 
(CHO.N— C.Hr-CHr- CH— COO- 

I 

HX— CH— (CH,)r-NH(C,H,), 

I 

GB, 

to bo ■'f'sorihcil. 

** f"! fCHjVX — CtH,— C'.II — COO“; non-substrate for d-amino acid oxidase (fo il- 


note ft 


XHt 


tt C.H.-CII,-f;iI— coo- 

I 

ItX— CH— (CHzl,— XH((t,H,l. 

I 

cn. 

tt No nhacrvrtble inhibition. 

§§ Spa foot-note 1 


comparison of the effectiveness of different compounds, all have been 
compared with quinine as standard. The ratio of the concentration of 
quinine. Co, to that, Cj, of the second inhibitor required to produce the same 
rate -with the same total FAD and enzyme concentrations should be equal 
to the ratio of the dissociation constants of the tvo inhibitor-protein com- 
plexes. With inhibitors more effective than quinine, this ratio (Cq/C/ = 
Kq/Ki) is greater than 1; ndth less effective (more easily dissociated) 
inhibitors it is le-ss than 1. The wide range in some of the estimated con- 
centration ratios is not due to inconsistency in the experimental results. 
With any one enzyme preparation and FAD concentration, the degree of 
inhibition found udth each compound was reproducible within the error of 
the Warburg method (5 per cent). Part of the variation is attributable to 
the difficulty in estimation of the appropriate quinine concentration, since 
large (3-fold) changes in quinine concentration lead only to relatively small 
changes in the amount of inhibition. In addition, not all of the compounds 
exhibit precisely the same relation between rate and relative concentration 
of inhibitor and FAD.' 

lYatiirc of Competilors — It appears thus that a variety of aromatic nitro- 
gen compounds can combine to some extent with the protein portion of 
d-amino acid oxidase in such a way as to prevent combination of the protein • 
with FAD. The most effective substances in this respect contain more 
than one aromatic ring; e.g., the quinolines, auramines, -and atabrine. 
The ring-substituted sulfonamides, sulfathiazole and sulfapyridine, but not 
sulfadiazine, are more effective than sulfanilamide. The three compounds 
listed at the bottom of Table D contain no aromatic nitrogen and give no 

* Compare the quantitative experiments with atabrine and quinine. 
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evidence of anj'- inhibition. Sligiit inhibition was oiiscrved with benzene- 
sulfonamide; at the maximum concentration attain^ible, 0.01 m, the in- 
hibition with low FAD was onlj'^ apiiroximatcly 30 per cent, but since this 
was reproducible and reversed by increase in FAD it probably is significant. 
It should be noted that the order of effectiveness of the different inhibitors 
was very nearly the same at 30° and at 37°. The relative concentration 
ratios of the different quinolines and atabrine and of the sulfonamides and 
more wealdy associated compounds arc also nearly the same. However, at 
30° the difference between quinolines and sulfonamides is much greater 
than at 37°. The change in relative “dissociation constant” at the two 
temperatures seems too great to be attributable solely to e.xperimental 
en-or, and may be related in part to a difference in the heats of dissociation 
of the two sets of compounds. 

Quantitative Evaluation — For conclusive demonstration of the existence 
of a reversible competition between prosthetic group and inhibitor, the 
data thus far presented {ire inadequate, since for this purpose the concen- 
tration of free FAD must be known. This is not even approximately equal 
to the total FAD at the low concentrations, where appreciable inhibition 
is observed. Its evaluation I'equires measurement of the rate at a larger 
number of FAD concentrations. The first attempts at quantitative evalua- 
tion of inhibitor and FAD dissociation constants were made at 30°. How- 
ever, at this temperature the FAD was so tightly bound by the protein 
that the rate appeared to increase linearly vith increase in FAD concentra- 
tion until it reached a value less than 15 per cent of the maximum; the 
amount of dissociation for the gi'eater part of the range was apparently 
lower than the limits of e.xperimental error. At 37°, however, the disso- 
ciation was readily detectable.^ At this temperature there was undertaken 
a more detailed study of the quantitative aspects of inhibition by quinine 
and by atabrine. 

For the determination of the dissociation constant of an inhibitor that 
competes with the prosthetic group, account must be taken not only of the 
equilibria between protein and inhibitor and protein and prosthetic group, 
but in addition of the equilibrium between substrate and complete enzyme. 

® The decrease in the dissociation of FAD with decrease in temperature is further 
illustrated by certain e.vperiments that were originally undertaken to determine 
whether reversible dissociation of F.AD was characteristic of the complete native 
enzyme, before it had been subjected to the rather drastic treatment with acid am- 
monium sulfate. For this purpose FAD sufficient to give the maximum rate at 30° 
was added to the separated protein and the behavior of this reconstituted enzyme 
compared with that of the original native enzyme. Precipitation with neutral am- 
monium sulfate or 3 day dialysis at pH 7.4, both at 0°, led only to a 10 per cent loss of 
FAD from the reconstituted enzyme, and 5 per cent for the native. Thus at this low 
temperature each behaved essentially as a non-dissociable enzyme. 
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The last Iw o already have been studied in detail for d-amino acid oxidase 
by Stadie and Zapp (11). Iloucver, it did not .seem justidable to apply 
the xalucs found by these authors to data obtained in this laboratory', on 
the assumption that all preparations of d-amino acid oxidase would show 
identic.al dissociation constants, inasmuch as crude enzv'mc preparations 
uere employed in both investigations. 

In the dc.scriptinn of the method adopted foi calculation of the dissocia- 
tion constants the following abbreviations have been used All concentra- 
tions are gixen in moles per liter, xelocilies in microliters of Oj per 20 
minutes 

P = uncombined ciizjmc-protein 

PF = cnzjmc-protcin combined with FAD 

PFS = “ “ “ “ nnd d-alaiitnc 

PI = " " " inhibitor 

= p + PF -b PFS + PI >= total cnzxme protein 
F, = total FAD 
/ = free FAD 

S = d-alaninc, free, assumed eiiual to total 
I = inhibitor, “ " " “ “ 

(PF), = PF + PFS 
V = rate of O- uptake 

Vmr = “ “ “ “ at constant substrate concentration when F, = a, 

t'm = “ “ “ “ when F = « and .S = w 


Kr 


v! „ {PF)S _ pj_ _ KrKs 

iPF) ’ ® “ (PFS) ’ ' (PF)’ Ks + S 


In connection with the data at constant substrate concentration it is 
conxenient to use the combined .substrate-F.AD constant, Krs, xvhich, as 
xvill be shown below , is equal to P'JKPF),. .As always, it is assumed that 
the velocitj' is proportional to the concentration of enzjnne combined with 
both prosthetic group and substrate Then T" = k(PFS) When F = 


P, = PF + PFS = PFS + 


and Vmr = f.(PFS) — f- 


P, 


K„ 


_F PF + PFS 

V„r " P, 

V„r -V Pt- {PF + PFS) p 

V ~ PF + PFS {PF), 


V„r - V 


X/ 


PS ^ FrKs 

PF{1 + S/Ks) S + K, 


Kr", 


(1) 


V 


(2) 
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The method described by Haas el al. (12) was used for calculation of P,, 
which is considered equal to the maximum FAD-combining capacity of the 
enzyme preparation. These authors ignored the substrate equilibrium in 
deriving an equation for calculation of P*, assuming a combination of 1 
mole of enzjnne ■with 1 mole of FAD, from the maximum rate (FAD = ») 
and the rates at any two intermediate concentrations of FAD. If the 
substrate equilibrium is included, ■\\'ith the substrate concentration kept 
constant, {PF)i used in place of PF, and V„r in place of Vm, the same 
final equation can be derived. 



(3) 


As mentioned earlier, was slightly larger than the added FAD, since a 
small amount always remained in the enzyme after treatment ■with acid 
ammonium sulfate. The latter quantity was estimated by extrapolation 
from the FAD-rate curve. was estimated as a first approximation 
by plotting 1/7 against I/Ft, ''vith only the high values of Ft, where the 
FAD is largely free, and extrapolating to 1/F, = 0. After calculation of 
Pt and / with this value of F^p, a closer approximation to the true value of 
1/F„p was made by plotting 1/F against 1//. This second value of 
T'"„p generally gave values for Pt and Kfb that showed no drift. If this 
was not so, F„p was finally adjusted by trial and error, since the change 
necessary was never greater than 1 to 2 per cent and not graphicall}’^ de- 
tectable. 

After estimation of Pt, the combined FAD could be calculated readily 
by Equation 1 and the free FAD from the difference between total and 
combined. Krs was then given by Equation 2. 

■\Vhen inhibitor was present, the values of Pt, Krs, and F„p found in the 
corresponding control experiment were used to calculate the concentration 
of free FAD, free protein, inhibitor-bound protein, and finally inhibitor 
dissociation constant from the following relationships. 


{PF)t 


V 

Fmf 


X Pt : 


f = Ft - {PF)t ; 


V = Kfs X 


{PF)t „ P-7 

~T'' 


In order to be able to compare inhibitor and prosthetic group dissocia- 
tion constants, it was necessary to know the value of Ks. In a few experi- 
ments FmP was estimated at several different substrate concentrations 
from values of 1' at two or three relatively high FAD concentrations. 
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From the intercept of the l/r„r versus \/S line, l/r„ could be determined. 
Tlie substrate dissociation constant is then given by the equation 


Vr, - Vr, 

Vrir 


X S 


Ks 


Kr can then be calculated from Krs by Equation 2. 

Dissociaiion Constants — ^Tlie results and detailed calculations for two 
control experiments are given in Table III. Tlie data obAdously confonn 
well to the relationship predicted for a re^’ersibb' dissociable enzj'me- 
prosthetic group system, as indicated by the constancy of the values of 
Krs. 

Typical data for calculation of inhibitor dissociation constants are given 
in Table IV. The values calculated for the quinine-protein dissociation 
constant, although less consistent than those for Krs, showed no marked 
drift with change in FAD or quinine concentration. This is far from true 
in the case of atabrine. The calculated dissociation constants for atabrine 
showed a marked upward drift with increase in F.\D or in atabrine con- 
centration. 

The results of all measurements of FAD, substrate, quinine, and ata- 
hrine dissociation constants are .summarized in Table Althou^ in each 
indiridual experiment there was good agreement betw een the dissociation 
constants found with different amounts of FAD, the constants with different 
enzjTne preparations varied. With preparations made from the same lot 
of lamb kidnej’s, FAD and quinine dissociation constants agreed within 10 
per cent. However, with preparations from different lots of lamb kidneys 
the divergence in both constants and in the values of Pt was marked. This 
variation may be caused in part by use of a cnide enzj'me preparation, for 
there are several flavoproteins in tissue and certain of these can be split 
reversibly by acid ammonium sulfate (13). The presence of one or more 
such proteins with FAD dissociation constants not too far remoA'ed from 
that of d-amino acid oxidase might alter the magnitude of Krs without 
causing the system, -within the limits of experimental error, to depart from 
the velocity-concentration relation.ship of a single di.ssociating .sy.stem. 

The value of Kg would also be influenced by contaminating FAD-com- 
bining proteins, but not by other types of foreign proteins capable of 
combination wth quinine, since the relatively high ciuinine concentrations 
used would not be altered significantly by .such combination. 

There is fairly good agreement between the Ks values found aith the 
ta'o lots of kidneys. This constant should be less affected by foreign pro« 
teins than Kr or Kg, inasmuch as proteins other than d-amino acid oxida.se 
itself probably would not combine aith d-alanine. 

The values for Kr found with Enzymes 1-32, 1-33, and 1-34 (average. 
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Table III 

Calculation of Kysfor d-Ainino Acid Oxidase (37°) 



•a 

■TS 

•o 

n 

b. 

- 

1 


cC 

1 

Cx 


1 

iC 

• 

(C 

ST 

^ ^ 


oa 

b. 


M X iO’ 

micro- 
liters 0: 
per 20 
mitt. 



2/ X 10^ 

tt X 70’ 


M X 101 

u X 10' 

Sf X 101 

uXlO^ 

moles 
per 1 

X 101 

11-43 

0 

16.6 

6.84 

0.34t 

2.32 

0.127 

1.18t 

1.02t 


0.23 

1.58t 



37.3 

2.49 

0.85 

2. 

11 

H 

1.01 

0.87 

ESI 


1.50 


1.02 

52.7 

1.4 

7 

1.36 

1. 

99 

■ 



0.350 


1.48 


2.03 

72.7 

0.791 

2.. 37 

1. 

88 


0.75 


0.482 

1.89 

1.50 



93.3 

0.395 

4.41 

1. 

74 

0.716 

0.80 

0.86 

0.621 

3.79 

1.50 


7.47 

107.5 

0.211 

7.81 

1. 

65 

H 

0.82 

0.87 

0.716 


1.50 


27.1 

123.2 

0.0568 

27.5 






0.821 

26.7 

1.5U 


oo 













-Average 


• 






0.86 


. 

1.49 

11-41 

0 

15.2 



2.52 

0.108 

1.32t 

00 

0.129 




0.55 

38.3 

2.675 

0.855 

2.29 

mm 

1.15 

1.18 

0.322 

0.53 



1.10 

55.8 

1..523 

] .41 

2. 

14 

SI 

1.21 


0.468 


1.43 


2,21 

79.4 

0.773 

2.51 

1.94 

0.564 



0.669 

1.84 

1.42 


4.14 

100.7 


4.45 

1.77 


1.17 

1.12 

0.849 


1.43 


8.28 

118.7 

0.186 

8.59 

1. 

60 

isi 

1 .22 

1.23 

0.998 

7.59 

1.41 


27.6 

133,6 

0.0539 

27.9 



0.949 



1.12 

26.8 

1.44t 


OO 

140. 8t 












.Average 

• - _ _ 

1 18 



1.42 


* Pi (1), calculiited by comparison of each point with the one for which Ft = 
1.36 (Enzyme 11-43) or 1.41 (Enzyme 11-41) by Equation 3. Pi (2), calculated by 
comparison of each point with the one for which Ft — 2.37 (Enzyme 11-43) or 2.51 
(Enzyme 11-41). The functions, Fi(VmF — V)/ V and 1'/ EmF, were calculated 
from the rate at each vaUic of Ft. The most reliable values of these functions 
were in the raimc of flavin-adenine-dinuclcotide (FAD) concentration in 
which the velocity was approximately onc-half of the maximum. Therefore one 
such point was selected for Fi, and Ti, and Pt was calculated with each other point 
in turn ns Ft. and 1': by Equation 3. This process was repeated with a second poirlt 
in the reliable ranRC as standard and all values were averaged to obtain P, for the 
particular enzyme. 

t Estimated graphically. 

J Omitted from the average; these points were considered unreliable and ignored 
whether or not the constants agreed with those calculated from the other points, 
for the values from the first points (no added FAD) were determined largely by the 
estimated value of Ft and those from the last point (highest F.MI) by the estimated 
1 mF- 

0.4G X 10“® mole per liter) are iu good agreement with that found 
Stadic and Zapp (11), 0.47 X 10"® mole per liter. Stadie and Zapp’s 
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value for Ks, 0.0053 mole per liter, is someivhat lower than those in Table 
y. However, later, in their paper they give as 0.009 mole per h'ter the 
value for the constants Krrzs and Kfrxs, which should be equal to Ks. 

Table IV 

Calctilatinn oj Prolciu-Inhibilor Dissociation Constants (37°) 

The enzyme used \nth quinine was Enzyme 11-43; V^r = 130.2 microliters of 
o.. per 20 minutes; P, = 0.S6 X lO"' v; Krs = I.tO X IIT’ m; fiaWn-ademne- 
dinucleotide {F.\D) present in enzyme = 0 34 X lO'" m. The enzyme used with 
atabrine w.as Enzyme 11-41; l'„r = M0..S microliters of O- per 20 minutes; Pi = 
1.18 X lO'- M; Krs = 1.-42 X 10“' ii; F.\D present in enzyme = 0.305 X 10”' M. 


Inhitilof 1 


a 

a 

tPF), 

/ 

P 

PI 

Er 

Quinine* 

M 1 

0.003 

1 

i 

i 

* X /£>• 

2.03 
4,07 
' 8 14 
j 13.57 

nicTO- 
literi Oi 
f«r 20 
rtin. 

36.5 
56 2 
71.3 

84.6 

X X /O' 

2.37 

4 41 

8 48 
13.91 

M X /C 

0.242 

0.374 

0 474 
0.563 



MXiir 

0.453 

0.353 

0.303 

0.239 

Titles Per 

/. X JIP 

1.12 

1.17 

0.87 

0.79 

.Average . . . 

0.99 

Quinine 

'o.OOl 

1 01 1 

32.0 

1 35 


1.14 

0.277 

1 0.376 1 

0.74 




51 1 

2.38 

0 339 

2.04 

0.249 


0.90 




76.6 

4 41 

0 510 

3.90 



1.21 


! 

8 14 1 

95 8 

8 48 

0.637 

7.84 



1.13 

Average . . j 

0.99 

Atabrine 


0.689 

! 22.0 

0.995 

0.185 

0.81 

0.327 


0.15 



1 .65 

I 48.4 

1 96 

0.407 

1.55 

0.374 

0.403 

0.28 



3.31 

79.8 

3.61 

0.672 

2.94 

0.325 

0.187 

0.52 



8.28 

109.6 

8.59 

0.923 

7.67 

0.172 

0.089 

0.58 

Average ... 

0.38 

Atabrine 

jo. 0001 

0.550 

f 18.8 

0 855 

0.15S 

1 0.70 

i 0.323 

0.703- 

0.046 



1.10 

36.6 

1.41 

0.308 

1.10 

0.399 

0.477 

0.084 



2.20 

67.8 

2.51 

0.571 

1.94 

0.419 

0.194 

0 22 



4.14 

91.4 

4.46 

0.770 

3.68 

0.298 

0.116 

wmB 


1 

8.28 

109.6 

8 59 

0 923 

7.67 

0.171 

0.090 

wa 

-■tverage 

0.16 


Thus apparently within the limits of variability of both sets of experiments, 
the results reported in the two investigations are in agreement. 

The atabrine data, included in Table V, can be taken as an indication 
that atabrine is effective as an inhibitor at lower concentrations than is 

























6G6 


f7-AMlN0 ACID OXIDASE 


quinine. The cause of the drift in the calculated atabiine dissociation 
constants is not entirely apparent. Combination of more than 1 mole of 
atabrine per mole of protein Avould cause drifts in the reverse direction to 
those observed. An irreversible action should not be affected by FAD. 


Tablk V 


Dissociation Constants of d-Amino Acid Oxidase (.97°) 





■ 




Quinine 


1 Atabrine 

Enzyme 

No.* 

'mF 










P, 

B 


A> 

Con- 

centra- 

tion 

A'o 


Concen- 

tration 

B 


micrO’ 
liters Oi 

moles 
per /. 

X 10‘ 

moles 
per /. 

X 10' 

mole 

moles^per /. 

mole 

moles per 1. 


mole 

mol ex 
per /. 

X /IH 


Per^ 20 
min. 

per 1. 

X 

per /. 

X yo‘ 


per 1. 








5.4 

1200 



1-32 

no 

2.7 

0.91 


4.5 


4.8 

1100 










3.S 

800 










5.4 

1200 



1-33 

96 

3.3 



4.0 


5.1 

1300 



1-33A 

,s.s 

2.7 

m 


4.4 


4.3 

1000 









iwIrSil 

4.3 

1000 









0.fHM)3 

3.5 

800 



1-34 

124 

2.0 

1 07 


5.3 




0.00002 

0.47 










0.0002 

1.7 










0.0006 

8.7 

.Average 

4.6 ± 0.4 


4.6 ± 0.6 

1000 



11-37 

141 

0.97 

1.33 




9.2 




11-41 

141 

1.18 

1.42 

0.0066 





0.0001 

1.6 










0.aKV3 

3.8 

11-42 

134 

1.15 

1.30 



0.001 

8.0 











7.4 

120(1 



11-43 

130 

0.8G 

1.49 




9.9 









!■ 


9.9 




Average 

6.9 ± 0.4 


8.9 ± 0.7 





* Enzymes 1-32 through 1-34 wore prepared from one lot of ncetonc-dried lamb 
kidneys; the remainder, from a second lot. 


The effect of FAD (but not atabrine) concentration on the rate might be 
explained by the assumption that rvith atabrine there are ttvo types of 
inliibition, the one rapid, reversible, and competitive, and the other slotver 
and irreversible, but also affecting only the free protein. Thus increase in 
FAD would not only lower the magnitude of the first kind of inhibition, 
but would decrease the rate of the second. This is supported by the fact 
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that at low FAD concentrations the rate of 0: uptake was linear only for 
the first 15 to 20 minutes, and then progressively declined. That the qui- 
nine effect also might be associated with a measure of irreversible inactiva- 
tion was indicated in a few experiments in which the rate was followed 
for longer than the usual 30 minute period. Although in the longer interval 
even the control rates ceased to be completely linear, nevertheless the 
decrease was more marked in sj’stcms containing quinine when the FAD 
concentration was low. 

In addition, these obsenations raise a question that is always trouble- 
some in attempts to derive thermodynamic constants from kinetic data; 
namely, whether true equilibrium actuallj' has been attained. Obviously 
the above data are significant only if the equilibria between enzyme, pros- 
thetic group, and inhibitor are attained rapidly. It may be said only that 
the constant rates usually obseiwed for 30 minutes, starting 5 to 10 minutes 
after mixing, indicate that the concentration of FAD-enzjTne-substrate 
complex, which must be the resultant of aU three equilibria, becomes 
rapidly constant. If feasible, a longer observation period would be desir- 
able, but unfortunately this is accompanied by a change in substrate 
concentration and by a slow decline in enzjTnatic actmty. Prolongation 
of the period of obserx'ation thus would offer no advantage. 

With any oxidizable enzjnne there is an additional factor that has been 
thus far completely ignored; viz., the difference in the dissociation constants 
of the oxidized and reduced prosthetic group. The relative oxidation- 
reduction potentials of the “old yellow enzyme” and of riboflaxin phosphate, 
Eo, at pH 7 amount to —0.06 and —0.18 x'olt respectively (14), indicating 
that in this flavoprotein the reduced prosthetic group is some lO* times 
as tightly bound as is the o.xidized. Warburg and Christian (8) present 
qualitative evidence that with d-amino acid oxidase the dissociation of the 
reduced FAD is very significantly loxver than the oxidized. Data obtained 
with the first set of enzjune preparations (Enzymes 1-32 to 1-34) with air 
m the gas phase gave dissociation constants {Kr) for FAD-protein of 2.7 
to 3.0 X 10“' mole per liter as compared to the values 4.0 to 5.3 X 10“' 
found with oxygen as the gas phase (Table V). That the increase is no 
greater than this when the O; concentration is increased 5-fold is an indica- 
tion that FAD exists largely in the oxidized form, even in air. 

In view of the pos.sibly complicating and insufficiently controlled factors 
discussed above, it is surprising that the d-amino acid oxidase system 
approximates so closely the theoretical behavior of a single enzyme, com- 
bining reversibly with prosthetic group, FAD, and substrate. For evalua- 
tion of more reliable constants, it xvould be necessarx' to work xvith pure 
enzyme preparations and to take into quantitatix'e consideration the state 
of oxidation of FAD. 
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In spite of the limitations in the significance of the absolute values found 
for Kf and Kq, it seems allowable to conclude that, over a limited period of 
time, quinine inhibits d-amino acid oxidase by reversible competition ivith 
FAD. Relatively high concentrations of quinine are required, in view of its 
relatively large dissociation constant. With atabrine there ma}^ be re- 
versible competitive inhibition, but the final effect of atabrine, even over a 
relatively short period, cannot be explained on the single assumption of 
reversible combination with the protein portion of the enzyme. 

DISCUSSION 

It is apparent from the foregoing that the FAD-inhibitor antagonism 
is not at all specific for atabrine.*® It is nearly as marked with quinine, 
plasmochin, etc., and the non-antimalarial quinolines, quinine methochlo- 
ride and 6-methoxyquinoline, and is readily detectable with a variety of 
other simpler aromatic nitrogen compounds in higher concentrations. All 
of these compounds appear to .share the property of combining with nu- 
merous proteins. When the protem is an enzyme, the combination may or 
maj' not result in inhibition, depending upon whether the portion of the 
protein molecule affected is e.ssential for activity. When the grouping 
affected takes part in the combination between enzyme and prosthetic 
group, the result is competitive inhibition. However, if it is essential for 
activity, but not for combination between enzyme and substrate or pros- 
thetic group, a non-competitive inhibition results. The latter was found 
to be tnie of the inhibition of Straub’s (15) flavoprotein (a “coenzyme fac- 
tor”) from heart muscle by some of these compounds.** 

All of the quinoline compounds and atabrine, and possibly the other 
basic inhibitors also, appear to combine with similar groups in proteins. 
In the studies with other enzymes, e.g. heart flavoprotein, lactic dehydro- 
genase, pancreatic lipase, catalase,** it was found generallj’^ that an enzjmic 
affected by one was affected by all, the order of effectiveness being similar 
to that found with rf-amino acid oxida.se. In view of the results of the 
quantitative measurements of atalirine inhibition, it is probable that man}' 
of these compounds have in addition to a rapid reversible effect, a slower, 

‘I* TIio observations with isolated enzymes thus lend little general support to the 
idea that a similarity in structure between atabrine ami isoalloxazine derivatives is 
definitive for the ehemotherapeutie action. It is of interest in this eonneefion that 
studies (2) with a particular strain of surviving, isolated parasites (.Plasmodium 
lophurae) gave no indication of alteration of the effect of atabrine by flavin nucleo- 
tides. It remains, however, conceivable that cells may exist in which the respiration 
is concerned with the functioning of sufficiently dissociable flavoenzynies, permitting 
inhibition by atabrine, quinine, sulfathiazole, etc., through a eoinpelilive process 
.akin to that treated in this paper. 

•• Unpublished results of the authors. 
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irreversible one. The irreversible phase is not necessarily marked wdth all 
proteins. Thus inhibition of the action of pancreatic lipase by atabrine, 
as well as by quinine, followed the concentration-rate relationship of 
inhibition by rnerstblc combination. On the other hand, with cytochrome 
reductase, tbe irreversible action of atabrine was reported as being so 
marked (5) that protection bj* riboflavin phosphate was possible only when 
this was added before the atabrine. Thus the relative importance of the 
reversible and irreversible actions of these compounds maj' vary both with 
the enzyme and with the inhibitor, as illustrated by the difference between 
atabrine and quinine in their effect upon d-amino acid oxidase. 

SUiOLARY 

1. Quinine, atabrine, and other related substances inhibit d-amino acid 
oxidase strongly at low concentrations of flavin-adenine-dinucleotide 
(FAD), and only slightly at high concentrations. This suggests inhibition 
by competition with FAD for the protein. Qualitative comparison of the 
variation of the degree of inhibition as a function of the concentration of 
FAD and inhibitor made possible an estimation of the relative affinity of a 
series of compounds for the protein coastituent of d-amino acid oxidase. 
Atabrine and two auramines were the most effective inhibitors, followed by 
quinine, plasmochin, and other quinoline derivatives. Less effective were 
the sulfonamides, aniline, and pyiidine. 

2. There was conducted with quinine and atabrine a more detailed study 
of the protein-inhibitor-FAD equilibrium. The rate-concentration rela- 
tionship with quinine as inhibitor was interpretable readily on the assump- 
tion of reversible competitive inhibition. This was not strictly true with 
atabrine. With enzjTne preparations from one lot of lamb kidneys the 
following values were found for the respective dissociation constants of 
fad, quinine, and substrate, Kr 4.6 X 10"^ mole per liter, Ks 0.0061 
mole per liter, Kq 4.G X 10~* mole per liter. With preparations from a 
second lot the x'alues were Kr 6-9 X 10-‘, Kg 0.0066, Kg 8.9 X 10-< mole 
per liter. 
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A CRYSTALLINE PROTEIN WITH /3-AMYLASE ACTHTTY, 
PREPARED FROM S\\*EET POTATOES* 

Sirx: 

A cn’stalline protein, highly active in splitting reducing sugar from 
starch, and quite free from a-amylase activity, has been prepared from 
sweet potatoes. 

The press-juice of sweet potatoes was brought to 60°, immediately 
cooled, and filtered after the addition of lead acetate; the protein in the 
filtrate was precipitated by 0.7 saturation with ammonium sulfate, and 
than purified by diaij'sis, acidification successively to pH 4.0, 4.0, and 
3.2, and finally by quarter saturation with ammonium sulfate at pH 3.5 to 
4.0, each time with the removal of any precipitate. Repeated fractionation 


Preparation , 

No. of ro'stallizaljons 

j Specific activity 

D* 1 

3 

1 1029 


4 

1142 


2 

1141 

E j 

3 

1260 

^ 1 

3 1 

' 1235 

1 

o 

i 1 

1070 

i 


* The partly purified protein was in this case also submitted to electrodialysis. 


of the remaining material between quarter and half saturation with am- 
monium sulfate at pH 4.0 finally yielded crj-stals on the cautious addition 
of ammonium sulfate in the cold. Recrystallization was carried out in 
the same manner from solutions containing 1 to 2 per cent of protein. 

Dialj’sis of the twice reciystallized substance did not significant!}' change 
the nitrogen precipitable b}’ trichloroacetic acid. After dialj'sis, 17.48 
per cent of the dry weight was nitrogen and 17.13 per cent was nitrogen 
precipitated by trichloroacetic acid. 

The amylolytic activit}" expressed in arbitrary umts per mg. of protein 
nitrogen is given in the table. 

* Enzyme Research Laboratory Contribution No. 99. 
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The crystals are tetragonal, and usually 12-sided, consisting of short 
rectangular prisms (generally cubes) with tetrahedral pyramids at each 
end. They have frequently measured 10 to 15 /i. 

Bureau of Agricultural and Industrial Chemistry A. K. Balls 

United States Department of Agriculture R. R. Thompson 

Albany, California M. K. Walden 

Received for publication, March 21, 1946 



THE ACTION OF METMYOGLOBIN, OXYGEN, AND 
MANG.VNESE ON OX.VLACETIC ACID* 

Sirs; 

In a pre\'ious communication' \vc have reported the presence in animal 
tissues of a substance capable, when supplemented vdth manganese ions, 
of causing an oxidative decarboxjdation of oxalacetic acid to malonic 
acid and carbon dioxide. The factor in heart muscle has been found to 
be metmyoglobin. This substance, prepared from horse heart- and 

Hfftcl of Calalas’c and Hydrogen ‘PeTozide on Oxidation of Oxalacetate in Presence of 
Mn** and Meimyoglobin 

Conditions, gas phase, air; 30°. Experiment I, 0.25 ji acetate buffer, pH 4.9, 
0.3 mg. of metmyoglobin, 1.5 mg. of oxalacetic acid in a total final volume of 2.0 cc. 
In (a) 0.1 cc. of 0.01 m MnCI- and 0.1 cc. of 0.003 x H;0, were tipped in from the side 
arm at 0 time. In (6) 0.1 cc. of 0.01 Ji MnCI; was tipped in from the side armat 0 
time. E.xperimcnt II, 0.05 xi acetate buffer, pH 4.9, 0.0005 .m MnCI;, 3.0 mg. of met- 
rayoglobin in a final volume of 2.0 cc. In (a) no catalase; in (6) 0.3 mg. of crystalline 
beef liver catalase. 1.5 mg. of oxalacetic acid were tipped in from the side arm at 
0 time. 


Faperuaent No. 

Lag period* 

j Gas exchiBge 

1 

Hmc 

Oi coasuned 

COj evolved 


vtin. 

tfiin. 

nicroUttrs 

rticrelilers 

I (O) H,0. 1 

3 

18 

41 

85 



60 

69t 

166t 

(5) Xo H;Ol 

15 

1 

6 

31 




70t 

169 f 

11 Ca) Jso catalase 

i 10 

j 60 

lOlJ 

256t 

(5) Catalase 

35 

1 60 

11 

160 


* The lag period is the time when first measurable oxygen consumption can be 
detected. . 

t Oxygen consumption is complete at this time; CO, evolution continues, 
t Both CO; evolution and oxygen consumption are complete. 

recrystallized four times, accounted for the activity of the fresh dialyzed 
Water extracts of the heart muscle. Hemoglobin and cytochrome c were 
without activity. 

• Aided in part by grants from the John and Mary R. Markle Foundation and from 
the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of Chicago. 

' Vennesland, B., and Evans, E. A., Jr., J. Biol. Chem., 166, 7S3 (1944). 

’ Marcy, H. 0., 3rd, and Wyman, J., Jr., J. Am. Chem. Soc., 64, 63S (1942). Theo- 
rell, H., Biochem. Z., 252, 1 (1932). Morgan, V. E., J. Biol. Chem., 112 , 557 (1935- 
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There is an initial lag period before oxi’gen consumption sets in. This 
lag period is reduced b)'^ the addition of small amounts of hydrogen peroxide 
and increased by the presence of catalase, as shown in the table. 

Under conditions similar to those described in the table, 0.0C03 m sodium 
azide doubles the lag period and decreases the total oxygen consumption 
50 per cent, and 0.003 M sodium azide inhibits oxygen consumption com- 
pletely. The oxygen consumption, when plotted against time, always 
gives an S-shaped curve, and if the amount of metmyoglobin is limited as 
in Experiment I oxj'gen consumption ceases before all the added oxalacetate 
has been decomposed. The proportion of oxalacetate oxidatively decar- 
boxylated as compared to that non-oxidativelj’^ decarboxylated varies 
with buffer concentration, pH, and the concentration of the reacting 
components. 

During the oxidation the metmyoglobin is converted first to a green 
pigment and then to a light brown pigment which shows no sharp absorption 
bands in the visible spectrum and is inacti\’e in the test system. 

There is an analogy in this reaction to the action of peroxidase on 
dioxymaleic acid,” to the coupled oxidation of ascorbic acid and hemo- 
globin,^ and particularly to the action of cytochrome c with manganese on 
dioxymaleic acid.” The recent studies by Mrtanen and Laine® on the 
hemoglobin and related pigments in root nodules of legumes, with the 
demonstration of a possible functional relationship of these substances to 
oxalacetic acid in connection with nitrogen fixation, have prompted the 
publication of these findings at the present time. 

Dcparlmcnt of Biochcmislnj 

Univtrsily of Chicago 

Chicago 

Itcccivod for publication, Eebruary 23. 1946 

“ Tbcorcll, 11., Xalin'c, 146 , 71 (1940). 

' Lcmbcru, ){., .1. VV., and Lockwood, W. H., Jiiorheiii. 35 , 328 (1941). 

“Theorcll, II., and Swcdin, It., Xatiirwixxcnxrhaftcn, 27, 9.6 (1939). 

" Virlancn, I., and Laino, T., Xatiirc, 167, 25 (1916) 
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THE AEROBIC GLYCOLYSIS OF AVIAN RED BLOOD CELLS 
AND ITS CONTROL BY INTRACELLULAR IONS IN 
PHYSIOLOGICAL CONCENTRATIONS* 

Sirs: 

Hemolysatos of waslied red blood cells of pigeon (1 part of red cells + 2 
parts of distilled H;0), separated from the main bulk of white cells, show a 
strong glycolysis. It is essentially aerobic, being inhibited 85 to 90 per 
cent by 0.002 .m HCN and GO to 70 per cent after evacuation of oxj-gen with 
the oil pump. This inhibition is irreversible after 3 hoiUTS anaerobiosis and 
partly reversible after 1 hours. 

This aerobic glj’coh'sis, the mechanism of which (perhaps identical with 
that described for Iddnej" extracts*) will be investigated, shows a character- 
istic sensitivity to multivalent ions which is manifested by strong inhibitory 
effects varjTng in degree nith the valency and the nature of the ion. These 
effects are characterized by four features, which arc held significant in so far 
as potential physiological importance and physicochemical mechanism of 
inhibition are concerned. (1) The inhibitory effect increases with decreas- 
ing pH (between 7.G and G.7). (2) When multivalent cations are applied 
together with multivalent or strongly adsorbable univalent anions (SCN“, 
POj-), the resulting inhibition is greater than that corresponding to simple 
summation. This s^-nergj- between cations and anions is particularly 
marked ■with ^Ig++ which bj' itself is a specific activator of glj’colj’sis up to 
0.005Mand inhibits only in higherconcentrations. however, stronglj’ 

increases the inhibition by multivalent (e.g. phosphate) and strongly ad- 
sorbable anions even below ODOo m. (3) Ions, which are normal cell con- 
stituents, inhibit strongly in physiological concentration (Ca at 0.00025 si, 
inositol hexaphosphate, ribonucleate at 0.001 si, phosphate at si/65 in the 
presence of 0.0025 si jMg++). (4) The inhibition is reversible (so far in- 

S'estigated only for calcium). 

Slices of salis'arj' glands, pancreas, and lis'er, exposed to stimulating 
agents (pilocarpine, acetylcholine, secretin),- and brain slices suspended in 
0.1 G SI NaCl solution show great increase in respiration and simultaneously 
aerobic glycolysis.’ These effects are transitory and reversible and there- 
fore not an expres.«ion of cell damage but of stimulation. They are irre- 

* This work w,s 3 supported by a grant from The International Cancer Research 
Foundation. 

* Colowick, S. P., Kalckar, H. SI., and Cori, C. F., J. Biol. Chern.f 137 , 343 (1941), 

’ Deutsch, W., and Raper, H. S., J. Physiol., 87, 275 (1936); 92, 439 (1936). Brock, 

M., Druckerey, H., and Herken, H., Biochern. Z., 360, 1 (1939). 

* Dickens, F., and Greville, G. D,, Biochem. J., 59, 146S (1935). 
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Influence of Ions on Aerobic Glycolysis 


1 part of red blood cell suspension + 2 parts of distilled HjO; time 200 minutes, 
temperature 24°. 


Added substance 

Lactic acid 
formed from 
glucose per 
Too ml. cell 
suspension 

Inhibition 


tng. 

per eeni 

Glucose, 0.18%, pH 7.1 

60 


“ 4 - 0.00025 M CaClj 

46 

24 

“ +0.0lMNa2SO4 

57 

5 

“ + 0.00026 .M CaCl: + 0.01 M Na.SO, 

17 

71 

“ + 0.001 M inositol hexaphosphnte 

30 

35 

“ +0.001“ “ “ + 0.00025M 



CaClj 

16 

73 

Glucose + 0.0025 m MgCl. 

78 

0 

“ + 0.0025 “ “ + 0.01 M Na-SO^ 

53 

31 

“ + m /1300 ribonucleate 

52 

13 


versibly suppressed by prolonged anaerobiosis. It seems possible that this 
“stimulation metabolism” is closelj’- related to the aerobic glycolysis of 
nucleated red blood cells. The responsi\'eness of the latter to changes of 
the ionic environment supports this view. 

Department of biochemistry Zachabias Dische 

College of Physia'ans and buroeons 
Columbia University 
.Veic York 


Hpceived for publication, February 18, 1946 



INVESTIGATIONS OF AMINO ACIDS, PEPTIDES, AND 
PROTEINS 

XXVI. THE DETERMINATION OF METHIONINE IN PROTEIN 
HYDROLYSATES WITH LACTOBACILLUS FERMENTI 36* 

Bt max S. DUNN, MERRILL N. CAMUSN, S. SHANKMAN, and 
HARRUSTTE BLOCK 

(From the Chemical Laboratory, University of California, Los Angeles) 
(Received for publication, December 3, 1945) 

It has been shoivn that methionine is essential or is accessoiy for the 
satisfactoiy gronih of LaclohaciUus casei (2), Laclohacillits arabinosus 17-5 
(3-8), Leuconosioc mesenteroides P-60 (9), and Lactobacillus fermenli 36 
(10), and the determination with Lactobacillus arabinosus of methionine 
in a mixture containing eleven amino acids has been described by Shank- 
man, Dunn, and Rubin (4). The determination of methionine in protein 
hydrolj’sates with Lactobacillus fermenti 36, Leuconosioc mesenteroides P-60, 
and Lactobacillus arabinosus 17-5 is described in this paper. 

EXPERIMENTAL 

The assay technique described in Paper XX^’’ (1) was employed. The 
following basal media were utilized for the growth of the microorganisms: 
Lactobacillus fermenli, that given in Paper XXIV (10), Leuconosioc mesen- 
teroides, essentially that given in Paper XTVTII (9), and Lactobacillus 
arabinosus, essentially that given by Shankman (3). The total volume 
in each tube (4 inch) was 3 ml. All of the solutions were adjusted to the 
same concentration of sodium chloride to compensate for any stimulatory 
or inhibitoiy salt effects. The standard was run at fourteen levels up to 
28 7 of the amino acid, the amino acid test mixtures and protein hydroly- 
sates were run at five levels, and six tubes were employed at each level of 
sample and standard. The contents of the sLx tubes at each level were 
mixed and titrated and the average titration value was calculated from 
these data. 

It was found that d(ri-)-methionine was completely inactive in promoting 
growth, either of Leuconosioc mesenteroides or Lactobacillus arabinosus. On 
the other hand, it stimulated the growth of Lactobacillus fermenti to an 

• For Paper XXV in this series see Dunn et at. (1). This work was aided by grants 
from the American Home Products Company, Merck and Company, Inc., the Nutri- 
tion Foundation, Inc., Schering and Glatz, and the University of California. The 
subject matter of 'this paper has been undertaken in cooperation with the Quarter- 
master Corps Committee on Food Research. 
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extent entirely comparable to that exhibited by the 1(— ) antipode. It 
appears that this response of Laclohacillus fermenli to both optical isomers 


Table I 


Assay of Methionine in Amino Acid Test Mixture 1* {dl-Methionine 
Content 4.81 Per Cent) 


Amino acid 
mixture per tube 

dZ-Metbionine 
present per lube 

Titration volume! 

d/*Metbionine 
fotmd per tube 

d/*Metbionbe 

recovered 

y 

7 

tjtl. 

y 

1 per cent 

84.4 

4.06 

4.09 

4.11 


168.8 

8.12 

6.70 

8.00 

98.5 

253.1 

12.18 

8.40 

12.40 


337.5 

16.24 

10.02 

16.29 


421.9 

20.30 

11.81 

20.40 



Average. 


100.5 


• The composition of the test mixture simulating that of casein was the same as 
that given in a previous paper (1). The basal medium (Medium C, Table I, Paper 
XXrV (10)) and 2 day incubation at 35° -with Lactobacillus fermenti were employed. 

t The solutions of six replicate tubes at each level of sample were mixed and 
titrated with 0.105 n NaOH. 


Table II 

Assoy of Methionine in Amino Acid Test Mixture S* {dl-Methionine 
Content OJiS Per Cent) 


Amino acid 
mixttire per tube 

d/'Metbionine 
present per tube 

1 

Titration volumcf 

dZ'Metbionine 
found per tube 

d/«Methioniae 

recovered 

7 

7 

fflZ. 

7 

per cent 

960 

4.00 

4.01 

4.00 

100.0 

1920 

8.00 

6.61 

7.89 

98.6 

2880 

12.00 

8.50 

12.62 

105.2 

3840 

16.00 

9.92 

16.06 

100.4 

4800 

20.00 

11.59 

19.82 

99.1 


100.7 



* The composition of the test mixture was the same as that given in a previous 
paper (1). The basal medium (Medium C, Table I (10)) and 2 day incubation with 
Lactobacillus fermenti were employed. 

t The contents of six replicate tubes at each level of sample were mixed 
and titrated with 0.105 n NaOH. 

of an amino acid is a unique property of microorganisms not hitherto re- 
corded in the literature.' The titrations at fourteen levels of methionine 

' It has been reported by Dunn cl al. (11), Hac (quoted by Lyman cl al. (12)), 
Lyman el al. (12), Lewis and Olcott (13), and Hac et al. (14) that d(— )-glutamio acid 
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Table III 

Aisay of Methionine in Amino Acid Test Mixture 5* {dl-Methiemine 
Content J.eS Per Cent) 


Aatso add 
raktare per tabc 

^ d^Methionlse 
laesni per tabc 

Tltralioa roluraet 

dl-Methioalce 
focad per tabc 

dZ-Metiioaiae 

recovered 


7 

nl. 

7 

fer etnt 


2.07 

3.72 

1.96 

94.7 


4.U 

5.49 

4.20 

101.5 

376.0 

6.21 

7.81 

6.35 

102.3 

501.3 

S.29 

9.90 

8.25 

99.5 

626.6 

10.36 

12.20 

10.54 

101.7 

Average 

99.9 



• The composition of the test mixture simulatinB that of silk fibroin was the same 
as that pven in a previous paper (1). The basal medium (Medium C, Table I (10)) and 
2 day incubation with Lactohacillui fermenli were employed. 

■f The solutions of six replicate tubes at each level of sample were mixed and 
titrated with 0.105 N XaOH. 


Table It' 

-issay of Methionine in Catein Hydrolysate* 


Hpdrohrzed casern per 
tfibe teobtcre> asd 
asJj-free) 

Titntioa voluaet 

MethSoolne fooad 
per tobc 

Hethio^e ia cLseiii 

7 1 

rd. 

7 

ftT ctni 

149.2 

4.25 

4.40 

2.95 

29S.4 

7.31 

9.40 

3.15 

447.6 

9.10 

14.00 

3.13 

596.7 

10.68 

17.72 

2.97 

745.9 

12.40 

21.90 

2.93 

Average 

3.03 




* The basal medium (Medium C, Table I (10)) and 2 day incubation with hacla- 
hacillus fermenti were employed. 

t The solutions of six replicate tubes at each level of sample were mixed and 
titrated with 0.105 x XaOH. 


in tubes containing from 2 to 28 y of methionine per tube averaged 3.5 per 
cent higher volumes of standard base for the dl- than for the J(— )-methio- 


promoted the growth of Lactobacillus arabinosus, although the d(— ) antipode ap- 
proached activity equivalent to that of the f(+) isomer only at high concentration. 
Stokes and Gunness (15) found that d( — )-aspartic acid exhibited essentially the 
same type of activity in promoting the growth of Lactobacillus delbruchii. 
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nine. Since an analytically pure grade of di-methionine was employed, 
it appears probable that the i(— )-methionine (obtained through the 
courtesy of the A. E. Staley Manufacturing Company, Decatur, Illinois) 


Table V 

Recovery of Melhiontnc Added to Casein Hydrolysate* 


Hydrolyzed casein 
per tube (moislure- 
and asn-free) 

Methionine 

^ In casein per tubef 

Added per tube 

Found per tube 

Recovered 

Y 

Y 

Y 

Y 

per cent 

74.6 

2.26 

2.00 

4.30 

102.0 

149.2 

4.52 

4.00 

8.50 

99.5 

223.8 

6.78 

6.00 

13.05 

104.5 

298.4 

9.04 

8.00 

16.92 

98.5 

373.0 

11.30 1 

10.00 

20.95 

96.5 

Average 

100.2 



* The sample was prepared to contain 10.0 -y of methionine per ml. and 373.0 y 
of moisture- and ash-free casein per ml. Volumes from 0.20 to 1.00 ml. were taken 
for the assays. The basal medium (Medium C, Table I (10)) and 2 day incubation 
with Lactohacillus Jermenti were employed. 

t Estimated on the basis of the 3.03 per eent of methionine in casein given in 
Table IV. 


Table VI 


Assay of Methionine in Silk Fibroin Hydrolysate* 


1 

Hydrolyzed silk fibroin 
per lube (moisture- 
and asn-free) 

Titration volumet ' 

1 

Methionine found 
per tube 

Methionine in silk 
fibroin 

Y 

m/. 

V 

per cent 

1881 

3.90 

2.80 

0.149 

3763 

4.81 

5.10 


5644 

5.91 

7.75 

0.137 

7526 

7.30 

10.48 

0.139 

9407 

9.02 

13.30 

0.141 

Average 

0.140 



* The basal medium (Medium C, Table I (10)) and 2 day incubation with Lacto~ 
bacillus fcrmcnti were employed. 

t The solutions of the six replicate tubes at each level of sample were mixed and 
titrated with 0.105 n NaOH. 

contained several per cent of inactive material. The titrations in the 
experiments with Lcuconosloc mcsenleroides at fourteen levels of methionine 
in tubes containing from 1 to 14 7 of methionine per tube were the same 
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(■vnthin il.l per cent) for di-methionine and half the quantities of Z(— )- 
methionine. The titrations in the experiments with Ladobacillus 
ardbinosus at ten levels of methionine in tubes containing from 1 to 12 y of 
methionine per tube averaged 2.2 per cent higher volumes of standard base 
for the dl- than for half the quantity of i(— )-methionine. 

The casein, the silk fibroin, and the hydrolysis procedure were the same 
as those described in Paper X\TI (11). The experimental data are given 
in Tables I to X. 


Table VII 


Recovery of ilelhionine Added to Silk Fibroin Hydrolysate* 


Hydroljzed silk 
fibroia per tu^ 
(moisture- and 
uh-free) 

1 Metbioabe 

In silk &brob 

I)cr mbet 

Added per tube 

Found per tube 

Recovered 


r 

T 

Y 

fer cenl 


1.32 

2.00 

3.50 

109.0 


2.63 

4.00 

6.72 

102.2 


3.95 

6.00 

9.60 

94.2 

3763 

S.27 

8.00 

13.40 

101.6 

47(M 

6.58 

10.00 

15.88 

93.0 

Average 

100.0 




* The sample was prepared to contain 10.0 1 of methionine and 4704 -r of moisture- 
and ash-free silk fibroin per ml. Volumes from 0.20 to 1.00 ml. were taken for the 
assays. The basal medium (Medium C, Table I (10)) and 2 day incubation with 
Lactobacillus fermenli were employed. 

t Estimated on the basis of the 0.140 per cent of methionine in silk fibroin given in 
Table VI. 


DISCUSSION 

It has been found that methionine could be determined most accurately 
by incubating Lactobacillus fermenli 36 inoculum (diluted with a volume 
of sterile saline 3 to 9 times that of the medium from which it was centri- 
fuged) for 2 days at 35° in a basal medium of the composition of Medium C, 
given in Table I, Paper XXTV (10). Under these conditions, the average 
mean deviation from the mean values (all mean values at five levels of each 
sample) was about 2.5 per cent for three amino acid test mixtures which 
contained 4.81, 1.65, and 0.42 per cent dZ-methionine, respectively (see 
the data under preferred conditions in Table VIII). On the whole, the 
recoveries of methionine from the amino acid test mixtures were less 
satisfactory with Ladobacillus fermenti, Leuconosioc mesenteroides, and 
Ladobadllus arabinosus imder the other conditions shown in Table ITII. 















Table VIII 


Summary of Recovery Data for Methionine from Amino Acid Test Mixture* 



Ammo acid test mixture No.. 


1 

2 

3 

Lactobacillus fermenti; preferred conditionsf 

A.D.J 

Range§ 

Meanll 

I per cent 

2.4 

96.9-105.0 

101.4 ±1.7 (13) 

per cent 

2.7 

95.8-103.8 
100.6±1.7 (10) 

per cerU 

2.6 

98.2-103.3 
100.6±1.0 (6) 

Lactobacillus fermenti; all other conditionslf 

A.D. 

Range 

Mean 

3.3 

95.0-116.2 

103.3 ±3.1 (13) 

3.5 

98.1-117.5 

103.4 ±3.6 (13) 

2.8 

92.0-119.0 

102.5 ±3.5 (9) 

Lcuconosloc mesenleroides* * * § ** 

A.D. 

Range 

Mean 

4.5 

89.5-113.0 

96. 6 ±4. 0(6) 

9.3 

83.6-118.6^ 1 

99.3±12.S (3) 

5.8 

86.0- 99.8 

93.3 ±4.9 (3) 

Lactobacillus arafeinosi/stt 

1 

A.D. j 

Range 

Mean 

4.0 

98.3-108.2 

104.4 ±4.1 (3) 

5.8 

103.9-111.9 

107.2 ± 3.1 (3) 

3.4 

103.4-117.0 

108.1 ±6.0 (3) 


* The amino acid test mixtures were the same as those referred to in Tables I, 
II, and III. 

t The basal medium (Medium C, Table I, Paper XXIV (10)). The inoculum was 
diluted with a volume of sterile saline 3 to 9 times that of the medium from which it 
was centrifuged. The incubation time was 2 days. 

t Average mean deviation from the mean of the values at the five levels of the 
sample. 

§ Range of all assay values. 

II Mean assay value ± its mean deviation from the mean. The figures in paren- 
theses denote the number of assays. 

H The concentration of total amino acids in the basal medium varied from 1 to 2 
times that referred to above (t), the incubation times varied from 1 to 3 days, and the 
dilution of inoculum suspension varied from 1:1 to 1:27. Seven sets of conditions 
were employed. 

** The basal medium was the same as that given in Paper XVIII (Medium D, 
T.able I) (9) except that the concentration of total amino acids was 1.33 times that 
given in the table. The incubation time was 5 daj's. 

tt The conditions were the same as those given above (f) except that the incuba- 
tion time was 3 days. The composition of the basal medium was the same as that 
reported by Shankman (3) except that the higher vitamin levels given in later papers 
from the authors’ laboratory were employed and cysteine hydrochloride was sub- 
stituted for cystine at about half the equivalent concentration stipulated by Shank- 
man. High blank titration values were observed at higher concentrations of 
cysteine. 
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Table IX 


Summary of Protein Assay and Recovery Data* 



1 Ifethionlae in cuein ' 

iletUonine in silk fibroin 

Found j Recoreredt 

Found j Recovercdf 

Lacioiaeillus fcrmenti; preferred conditions 

A.D. 

Range 

Mean 

percenJ 

0.09 

?.87 - 3.13 

3.01 ±0.07 (7) 

fer cent 

4.4 

88.7 -103.5 

97.8 ± 4.0 (7) 

per cent 

0.005 

0.12S - 0.140 
0.136 ± 0.003 (6) 

fer cent 

7.2 

95.2 - 107.8 
100.9 ± 3.7 (6) 

Lactobacillus fcrmenti; all other conditions 

AJ). 

Range 

Mean 

0.12 

2.83 -3.19 

2.96 ±0.03 (10) 

2.9 

96.6-105.4 

100.2 ±2.6 (10) 

0.006 

0.126 - 0.153 
0.139 ± 0.006(10) 

3.9 

62.5 - 107.0 
89.9 ± 8.4 (9) 

Leuconostoc mescnteroides 

A.n. 

Range 

Mean 

0.14 

2.69 - 3.06 

2.84 ± 0.15 (3) 

4.1 

88.4 - 99.4 

95.2 ± 4.5 (3) 

0.011 

0.103 - 0.134 
0.115 ± 0.013 (3) 

5.2 

84.2 - 123.2 
101.8 ± 14.3 (3) 

Lactobacillus arabinosus 

A.n. 

Range 

Mean 

0.11 

2.74 - 3.0S 

2.93 ± 0.13 (3) 

1 

3.4 

105.4-106.0 

105.7 ± 0.2 (3) 

0.005 

0.119 - 0.135 
0.127 ± 0.005 (3) 

2.1 

106.2 - 119.4 
112.5 ± 4.6(3) 


* The conditions described in the foot-notes to Table VIII were employed. The 
percentages of casein and silk fibroin designated as “found” refer to the moisture- 
and ash-free proteins. 

t See foot-note 2 of the text. 

The assay values for methionine in casein and in silk fibroin agreed 
closely and the recoveries’ of methionine from the acid hydrolysates of these 
proteins did not deviate markedly from 100 per cent. The determination of 

’ Recoveries were calculated, as shown in Paper XXV (1), on the basis of the pure 
amino acid added to an aliquot of the protein hydrolysate. Delations from 100 
per cent calculated on this basis are approximately twice those calculated on the 
basis of the sum of the amino acid added and that found by assay to be present in the 
aliquot of the hydrolysate when the quantity of the amino acid derived from both 
sources is appro.ximateIy the same. Recovery percentages calculated by the latter 
method have been reported by Stokes et al. (39) and they may have been calculated 
in this maimer bj- other workers. The former procedure is preferred by the present 
authors, since it provides a more rigorous test of the accuracj* of microbiological 
methods. 
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methionine "vvith Leucorwstoc mesenicroides and Lactobacillus arabinosus‘ 
■was considered to be less dependable than that with Lactobacillus fermenii 


Table X 

Per Cent of Methionine in Casein* (Literature Values) 


Hydrolysis procedure 

Azutlytical method 

Methioninet 

Bibliographic 
reference No, 

Range j 

Average 



per cent 

percent 


Concentrated HIj reflux 5-15 

Volatile iodide 

2. 6-3. 5 

3.2 

(22-27) 

« 

hrs. with and without Nj 




Concentrated HI; reflux 6 hrs. 

Homocysteine 

2.9-3. 1 

3.1 

(24, 28-30) 

with and without Nj 

6-7 N HCl ; reflux 6-10 hrs. at 

Colorimetric 

2.7-3. 7i 

3.3 

(31-34) 

temperature up to 135° 

6 N HCl; reflux 7 hrs. 

Periodide titration 

2.8, 2.9 

2.8 

(35) 

Concentrated HI; reflux 18 hrs. 

Gravimetric (cu- 


3.1 

(36) 

1 

prous mercaptide 
of homocysteine) 

i 



7 N HCl; reflux 24 hrs. 

HjOi-HClO, oxida- 

2. 8-2. 9 

2.8 

(37) 


tion 

Differential o.xida- 


2.9 

(38) 


tion 




10% HCl; reflux 5-10 hrs. at 

Microbiological § 


2.6 

(39) 

121° 






* In ten cases the source of the casein samples was not given. Five of the casein 
samples were Labco, four Harris, three Van Slyke, two Hammarsten, one Sheffield, 
and one Difco. All of the caseins were corrected for moisture or moisture and ash or 
calculated to 16 per cent nitrogen. 

t From O.OG to 1.4 per cent of methionine has been isolated from casein as the mer- 
curic sulfate or acetate complex (16-21). 

t The values, 4.7 and 4.9 per cent, given by Block and Bolling (31) have been 
omitted. 

§ Methionine determined with Streptococcus faecalis. 

because of the relatively high deviations from the mean of the recoveries 
from the amino acid test mixtures and the protein hydrolysates. It is not 

’ Since it has been reported (3) that there may be two strains of Lactobacillus 
arabinosus which have been employed for assay purposes, experiments were performed 
to determine whether or not cultures of this organism would respond similarly to 
methionine. The recoveries of methionine from an amino acid test mixture simulat- 
ing the composition of casein averaged 102 (95 to 107) per cent with cultures of L. 
arabinosus 17-5 including those obtained from the American Type Culture Collection 
(one carried for a few months and one for 3 years on yeast-dextrose agar in 
the authors’ laboratory), the Western Regional Research Laboratory (Albany, 
California) through the courtesy of Dr. J. C. Lewis, and the Agricultural and 
Mechanical College (College Station, Te.xas) through the courtesy of Dr. C. M. 
Lyman. It appears probable, therefore, that the four cultures were the same strain 
of L. arabinosus. 
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improbable, however, that assays of higher dependability could be made 
with these microorganisms provided conditions were established more 
nearly optimal than those employed. 

Methionine in Casein* 

The percentage of methionine determined with Laciobacillus fermenli 
under the best conditions was 3.01 (2,87 to 3.13, range of seven assays) 
per cent, corrected for the 6.21 per cent moisture and 0.55 per cent ash 
in this preparation as reported in Paper X^TII (11). Other percentages of 
methionine (given in Table IX) found under other conditions were 2.96 
(2.83 to 3.19, range of ten assays) per cent, determined ■R-ith Laciobacillus 
fermenli, 2.87 (2.69 to 3.06, range of three assays), determined with 
Leuconosioc mesenieroides, and 2.93 (2.74 to 3.08, range of three assays) 
determined with Laciobacillus arabinosus. 

It seems probable that the true value for methionine in casein is 3.0 ± 
0.1 per cent. This conclusion is strongly supported by the data given in 
Table X, since nearly the identical value has been reported by authors from 
ten laboratories who determined methionine by seven methods, differing in 
principle, in samples of casein prepared by the Hammarsten, the Van Sl3'ke 
and Baker, and other procedures. Except for the low values obtained by 
isolation procedures, nearlj' all of the values for methionine given in Table 
X are not more than about 10 per cent lower or about 20 per cent higher 
than 3.0 per cent. It is of interest that methionine has been determined 
m proteins by more methods diftering in principle than any other amino 
acid, that the percentages of methionine in casein obtained by different 
methods are in such close agreement, and that appro.xunatelj' the same 
percentage of methionine has been found in casein prepared from different 
ffiUk samples by a variety of procedures. It would appear either that 
casein, irrespective of its source and method of preparation, contains nearly 
constant proportions of a- and ^-caseins® or that a- and P-caseins contain 
nearly the same percentage of methionine. 

Methionine in Silk Fibroin* 

The content of methionine determined with Laciobacillus fermenli imder 
the best conditions was 0.136 (0.128 to 0.140, range of six assays) per cent, 

* It appears that casein and silk fibroin contain little, if any, <i(-i-)-niethionine since 
the methionine content of each protein determined with Lactohacillus fermenti (giving 
the Bum of the Z(— )- and the d(4-)-methionine) was nearly the same as that deter- 
ouned with Leuconosioc mesenieroides or Laciobacillus arabinosus (giving only Z(— )- 
methionine). It should be possible, however, to determine by differential assay with 
kaclobacillus fermenli and one of the other microorganisms the quantities of Z(— )- 
and d(+)-niethionine present in a mixture of these antipodes. 

‘ The evidence for the non-homogeneity of casein has been reviewed by Warner 
( 40 ). 
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corrected for the 5.68 per cent moisture and 0.25 per cent ash reported in 
Paper XVII (11). Other values of methionine (given in Table IX) found 
under other conditions were 0.139 (0.126 to 0.149, range of eleven assays) 
per cent, determined with LaciobacHhis fermenli, 0.115 (0.103 to 0.134, 
range of three assays) per cent, determined with Leuconosloc mesenieroides, 
and 0.127 (0.119 to 0.135, range in three assays) per cent, determined with 
Laciobacillus arabinosu^. It appears that methionine may be assayed in 
silk fibroin under the described best conditions wth an accuracy comparable 
to that attainable in the microbiological assay of amino acids in other 
proteins. 

The methionine content of oven-dried (105°) silk fibroin obtained from 
Dr. W. H. Stein and Dr. Max Bergmann was found to be 0.15 per cent by 
Stokes ei al. (39) who determined methionine microbiologically wth 
Streptococcus Jaecalis. No other values have been found in the literature.® 

SUMMARY 

Microbiological procedures have been described for the determination 
of methionine in protein hydrolysates with the microorganisms Lactobacillvs 
fermcnti 36, Leuconosloc mcsenteroides P-60, and Lactobacillus arabinosiis 
17-5. The methionine in casein and silk fibroin, respectively, was found 
to be 3.01 and 0.136 per cent under the conditions considered to be most 
dependable (assay with Lactobacillus fermcnti inoculum diluted with a 
volume of sterile saline 3 to 9 times that of the medium from which it was 
centrifuged and incubated for 2 days at 35° in a basal medium (Medium C, 
Table I) of a composition given in Paper XXIV (10)). 

It is considered that the probable true values for methionine in these 
proteins are 3.0 ± 0.1 (casein) per cent and 0.14 ± 0.01 (silk fibroin) per 
cent, although it is recognized that the extent to which methionine is de- 
stroyed during hydrolysis must be measured before the true values can 
be determined. The nearly identical value for methionine in casein has 
been reported by authors from ten laboratories who determined methionine 
bv seven methods, differing in principle, in samples of casein prepared by 
several different procedures. 

The growth of Lactobacillus fermcnti was stimulated equally by the «?(+) 
and the Z(— ) antipodes of methionine. This response appears to be a 
unique property of microorganisms not hitherto recorded in the literature. 
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IN^"ESTIGATIONS OF AMINO ACIDS, PEPTIDES, AND 
PROTEINS 

XX^"U. THE DETERMINATION OF THREONINE IN PROTEIN 
HYDROLYSATES WITH LACTOBACILLUS FERMENTI 36* 

Br MAX S. DUNN, S. SHANKALAN, MERRILL N. CAMIEN, and 
HARRIETTE BLOCK 

[From the Chemical Laboratory, Univcraily of California, Los Angeles) 
(Received for publication, December 13, 1&45) 

It has been reported that threonine* is essential or is accessorj’^ for the 
groTvth of Laclohacillus arahinosus 17-5 (6-11), Lcuconostoc mesenleroides 
P-60 (12), Lactobacillus delbruckii (5), Streptococcus faecalis (Streptococcus 
laciis R) (4), and Lactobacillus fermenti 36 (13). The first microbiological 
determination of threonine was that of Shankman et al. (8) who found by 
assay with L. arabinosus 94 per cent of the threonine present in a mixture 
of eleven amino acids. The percentage of threonine in com, wheat, rye, 
and barley and the alcohol fermentation by-products of these cereal grains 
was determined with L. arabinosus by Baumgarten el al. (11) who reported 
recoveries of threonine, added to samples prior to hydrolims, ranging from 
95 to 105 per cent. Threonine in six purified proteins and fourteen natural 
products has been determined with S. faecalis by Stokes et al. (4) who showed 
that dZ-allothreonine, the uimatutal isomer of threonine,* a-bromo-^- 

* For Paper XXVI in this series see Dunn et al. (1). This work was aided bj* 
grants from the American' Home Products Company, Merck and Company, Inc., 
the Nutrition Foundation, Inc., Schering and Glatz, and the University of Cali- 
fornia. The subject matter of this paper has been undertaken in cooperation with 
the Quartermaster Corps Committee on Food Research. 

* Threonine is an accessory but not an essential substance for Lactobacillus casci 
according to Hutchings and Peterson (2). The statement of Stokes and Gunness 
(3) is not entirely clear on this point. Stokes et al. (4) have stated recently that 
pyridoxanune or pyridoxal can substitute for threonine in the nutrition of the lacto- 
bacilli which, according to an earlier report by Stokes and Gunness (5), included 
L. casei, L. arabinosus, and L. delbruckii but not S. lactis R. These conclusions were 
drawn from experiments in which the basal medium of Hutchings and Peterson (2) 
was employed. It has been found in the present experiments that the requirement 

L fermenti for threonine was not eliminated either bj* p^widoxamine and pyridoxal 
when this organism was grown on the authors* synthetic medium. The rate of 
synthesis of threonine was accelerated under some conditions in the presence of these 
substances but no other effects were noted. The pyridoxamine and pyridoxal em- 
ployed in these experiments were obtained from Merck and Company through the 
courtesy of Dr. J. L. Stokes. 

* Stokes e£ al. (4) designated the natural isomer of threonine as Z(— )-threonine 
and the unnatural isomer as d(-}-)-threonine, the letters I and d being employed to 

5S9 
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methoxybutyric acid, and four derivatives of threonine were inactive in 
promoting the growth of this organism. The assays at different levels of 
sample, the successive assays on the same sample, and the recoveries’ of 
threonine added prior to hydrolysis of two purified proteins and three 
natural foods reported by Stokes el al. were in reasonably close agreement. 

The determination of threonine in protein hydrolysates with Lactobacillus 
fermenii 36 is described in this paper. 

EXPERIMENTAL 

A basal medium essentially of the composition given (Medium C, Table 
I) in Paper XXIV (13) and the assay technique described in Paper XXVI 
(1 ) were employed. 3 drops of 0.8 per cent dibromothymolsulfonephthalein 
(bromothymol blue) indicator solution (50 per cent ethanol) were required 
for the 3 ml. of experimental solution in each test-tube to give a satis- 
factory end-point in the presence of the marked discoloration produced by 
caramelization of the amino acids present at relatively high concentration 
in the basal medium. The standard was run at fifteen levels up to 84 y of 
dZ-threonine, the amino acid test mixtures and protein hydrolysates were 
run at five levels, and six tubes were employed at each level of standard and 
sample. The total volume of solution in each tube (4 inch) was 3 ml. 

The activity of dZ-allothreonine and unnatural Z(+)-threonine was not 
tested but it was considered probable from the data reported by Stokes 
el al. (4) for Streptococcus faecalis that these substances would not promote 
the growth of Lactobacillus fermenii. Identical results were obtained in 
assays with cZZ-threonine purchased from Merck and Company and that 
prepared in this laboratory by William Blackwood.' 

The casein, the silk fibroin, and the hydrolysis procedure were the same 
as those described in Paper XVII (14). The experimental data are given 
in Tables I to VIII. Tlie basal medium given in Paper XXIV (Medium 
C, Table I) (13), except that the concentration of total amino acids was 

denote the relative configuration of the a-carbon atom in harmony with the common 
practice of naming the other amino acids. It has been the custom, previously, to 
designate natural threonine ns d(— )-threonine because both asymmetric carbon 
atoms in natural threonine and n-threose have the same relative configuration. 

’ Stokes cl al. (4) have calculated recoveries from the equation CCA + B) X 100 
= per cent recovery, where A is the quantity of amino acid found by assay to be 
present in the aliquot of the hydrolysate taken, B is the quantity of amino acid 
added, and C is the amino acid found in the mi.vture of A and B. Recoveries are 
calculated by the present authors from the equation (C — A)/B X 100 = per cent 
recovery, where the letters A, B, and C have the same meaning. The recovery of 
threonine calculated by Stokes et al. from the first equation was 102 per cent and the 
recovery would be 105 per cent if calculated from the second equation. It appears 
that true recovery may be calculated only by the latter procedure. 
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Table I 

■Is'at/ of Threonine in Amino Acid Test Mixture /* 


The test mixture contained 2.50 per cent d(— )-thrconine (added as dt-threonine). 


AmiEO ickI j 
laixtnre | 

per tube 

d(— )-Thr«minc 1 

present per tube 

Titration x-oluncf j 

<i(— )-Tbreonne 
found per tube | 

1 

d(— )-Tbreoame 
reco\ ered 

Range 

A\ erage 

7 ! 

7 

pil. 

wl 

7 

fer cert 

281. 3 

7.02 

3.15-3.37 

3.23 

7.00 

99.7 

562.6 


3.93-4.23 

4.06 

13.70 

97.6 

843.9 


5.09-5.52 

5.32 

1 21.30 

i 101.1 

1125.2 


6.20-6. SO 

6.53 

' 28.90 

103.0 

1406.5 

1 35.09 1 

7.29-S.Ol 

7.54 

36.10 

102.9 

Average... 






100.9 


* The composition of the test mixture simulating that of casein was the same as 
that given in Paper XXV (15). 

t The solution in each of six replicate tubes at each level of sample was titrated 
with 0 0310 N XaOH. 


Table II 

Assay of Threonine in Amino Actd Test Mixture £* 

The teat mixture contained 1.6” per cent d(— )-threonine (added as dj-threonine). 


Aniao aod mature 
per tube 

rf(— l-Threoniae 
present per tube 

Titration soloraet 

)-Tbreonme 
found per tube 

)*TIireoame 
reco% ered 

7 

7 

rtl. 

7 

per cent 

360 

6.00 

7 69 

5.62 

93.7 

720 

12.00 

11.71 

12.00 

100.0 


18.00 

16.60 

17.82 

99.0 


24.00 

19.22 

25.25 

105.0 


30.00 

20.91 

29.50 

98.3 

Average . . 

99.2 


’ The composition of the text mixture was essentially the same as that given in 
Paper XXV (15). 

t The solutions of six replicate tubes at each level of sample weie mixed and 
titrated Mith 0 0623 N NaOH. 

2.5 times that stated, and 2 day incubation at 35° with Laclobacillus fermenti 
Were employed in all assays reported in these tables.'* 

* It was shown in Figs. 14 and 27, Paper XXIV (13), that 1 times the concentration 
of total amino acids (equivalent to amino acid Level 8 in Fig. 14) was the lowest 
level of total amino acids in the basal medium and that a 2 day incubation period was 
the maximum time which probably would be satisfactory for the assay of threonine 
under the other conditions describe d. It has been reported in the present paper that 
2.5 times the concentration of total amino acids (equivalent to amino acid Level 20 
in Fig. 14 ) and 2 day incubation time were the most satisfactory assay conditions. 
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DISCUSSION 

It has been found that threonine could be determined most accurately 
by incubating a Lactobacillus fermcnli inoculum (diluted with a volume of 
sterile saline solution from 3 to 9 times that of the medium from which it 


Table III 

Assay of Threonine in Amino Acid Test Mixture S* 

The test mixture contained 0.98 per cent d(— )-threonine (added as d(-throonine). 


Amino acid mixture 
per tube 

d(— )*Thrconlne 
present per tube 

Titration voiumef 

dC“")-Thrconme 

1 found per tube 

d(—)*Threorune 

recovered 

y 

! -r 

frti. 

1 

per cent 

626.6 

6.17 

5.52 

5.80 

94.0 

1253.2 

12.34 

7.40 

12.05 

97.6 

1879.8 

18.52 

9.18 

18.90 

102.1 

2506.4 

24.69 

10.90 

24.10 

97.6 

3133.0 

30.86 

12.20 

30.10 

97.5 

Average 

97.8 



* The composition of the test mixture simulating that of silk fibroin was the same 
as that given in Paper XXV (15). 

t The solutions of six replicate tubes at each level of sample were mixed and 
titrated with 0.105 n NaOH, 


Table IV 

Assay of Threonine in Chsein Hydrolysate 


Hydrolyzed casein 
(moisture* and ash* 
free) per tube 

Titration volume* 

d(— )-ThTCODmc found 

per tube 1 

j(-.)-Xbreonme in casein 

1 

T 1 

m/. 

1 

T 

per cent 

149.2 

5.62 

6.10 

4.09 

298.4 

7.52 

12.50 

4.19 

447.6 

9.60 

20.85 

4.66 

596.7 

11.02 

24.50 

4.11 

. 745.9 

12.60 

31.25 

4.19 

Average 

4.25 



• The solutions of six replicate tubes at each level of sample were mixed and 
titrated with 0.105 n NaOH. 


was centrifuged) for 2 days at 35° in a basal medium (Medium C, Table I 
(13)) ex'cept that the concentration of total amino acids was 2.5 times that 
stated. Under these conditions, the average mean deviation from the 
mean values at the five levels of each sample was about 3.5 per cent for the 
three amino acid test mixtures described in Tables I to III, which con- 






















DtlXN, SHAKKilAK, CAMIEN, AND BLOCK 


593 


tained 2.50, 1.67, and 0.98 per cent d(— )-threonine, respectively. The 
assay values for threonine in casein and silk fibroin and the recoveries of 
threonine from the acid hydrolj'sates of these proteins were reasonably 


Table V 

Recorery of Threonine Added to Casein Hydrolysate* 


Erdrobrieji cisein 
(aebture- isd 
uii-frte) per lube 

j it— y-'nirecaine 

In cxsem per tubef 

Added per tube 

Found per tube 

Recovered 


T 

y 

T i 

ffTcent 


3.17 

3.00 

6.00 

94.3 

f 

6.34 

6.00 

12.44 

101.7 

223.8 

9.51 

9.00 

19.00 

105.4 

298.4 

12.68 

12.00 

25.30 

105.2 

373.0 

15.85 

15.00 

31.60 

105.0 

Average 

102.3 


* The sample was prepared to contain 15.0 y of d(— )-threomne (added as dl- 
threonine) per ml. and 373.0 y of casein (moisture- and ash-free) per ml. Volumes 
from 050 to 1.00 ml. were taken for the assays. 

t Estimated on the basis of the 455 per cent of threonine in casein given in Table 
IV. 


Table VI 

Assay of Threonine in Silk Fibroin Hydrolysate 


H^olyzed aUk 
cbroia (moisture- and 
asi-free) per tube 

Titration v 

’Olume* 

d(— )-Thre03iae 
found per tube 

if ^--)-Tfcreoniae 
in s3k £brom 

Rinse 

Averase 

7 

rt/. 

TtJ. 

7 

frr ur.t 

451.5 

2.94r-3,ll 

3.03 

5.50 

1.22 

903.1 

3.69-3.78 

3.73 

11.60 


1354.6 

4.32-^.61 

4.42 

15.90 


1806.2 

5.07-5.43 

5.27 

21.00 


2257.7 

5.61-6.29 

5.91 

24.84 


Average 

1.19 




* The solution in each of six replicate tubes at each level of sample was titrated 
trith 0.0310 N NaOH. 


satisfactory, although, on the whole, they were somewhat less precise and 
accurate than the methionine data reported in Paper XXVI (1). 

The average of from nine to fourteen threonine values found under other 
assay conditions® was as follows : 107 (98.8 to 120) per cent, amino acid Test 

‘ Concentration of- total amino acids in the basal media and incubation times 
(given in parentheses) were as follows: 1 (2), 1.5 (2), 2 (2), and 2.5 (1). 
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Mixture 1 ; 110 (98.7 to 151) per cent, amino acid Test Mixture 2; 93.0 (84.8 to 
101) per cent, amino acid Test Mixture 3; 4.5 (4.09 to 4.97) per cent, casein; 
1.20 (0.93 to 1.40) per cent, silk fibroin; 98.4 (67 to 117) per cent, casein re- 
covery; and 103 (87 to 131) per cent, silk fibroin recoverj". These data and 
assay conditions were considered to be unsatisfactory. 

The determination of threonine was investigated with .Leuconosloc 
mesenteroides P-60 and a basal medium (Medium D, Table I (12)) e.xcept 
that the concentration' of total amino acids was varied from 1 to 3.3 times 
that stated. Although there was no synthesis of threonine in 5 days, the 
standard curves were too irregular to yield dependable assays. It had 
been found previously (12) that threonine appeared to be essential for the 


Table VII 

Recovery of Threonine Added to Silk Fibroin Hydrolysate* 


Hydrolyzed silk 
fibroin (moisture^ 
and ash-free) 
per tube 

dC— )-Threonme 

In silk fibroin 
per tubet 

Added per tube 

Found per tube 

Recovered 

7 

7 

7 

7 

per cent 

225.8 

2.69 

3.00 

6.70 

100.3 

451.5 

5.37 

6.00 

12.30 

115.B 

677.3 

8.06 

9.00 

16.60 

93.8 

903.1 

10.75 

12.00 

21.70 

91.3 

1128.8 

13.43 

15.00 

26.30 

85.8 

Average 

97.3 




* The sample was prepared to contain 15.0 y of d(— )-threonine (added as dl- 
threonine) and 1128.8 y of silk fibroin (moisture- and ash-free) per ml. Volumes from 
0.20 to 1.00 ml. wore taken for the assays. 

t Estimated on the basis of the 1.19 per cent of d(— )-threonine in silk fibroin 
given in Table VI. 

growth of Leuconosloc mesenteroides P-60 but it was considered doubtful 
that threonine could be determined quantitatively under the conditions 
described. 

The earlier report of Shankman el al. (8) that about 94 per cent of threo- 
nine in a mixture of eleven amino acids was recovered suggested that 
threonine in protein hydrolysates could be determined quantitatively with 
Lactobacillus arabinosus 17-5. This assumption was invalidated, however, 
by the observation that the recoveries of threonine added to amino acid 
Test Mi.xturc 1 ranged from 120 to 230 per cent from assays with the four 
cultures of Lactobacillus arabinosus 17-5 (1) and the basal medium (7) 
described previous!}". 
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Threonine in Casein 

The threonine determined \vith Laciobacillus fermend under the best 
conditions was 4.27 (4.11 to 4.51, range of five assays) per cent, corrected 
for the 6.21 per cent moisture and 0.55 per cent ash reported in Paper 
XMI (14). If it is assumed that there is no appreciable destruction of 

Table VIII 


Summary of Threonine Assay and Recovery Data* 


Anmo acid ttst mixture N'o.; reco\'ffyt 

Caxein 

Silk fibroin 

1 

i 2 

3 

Found 

Recovered 

Found 

Recovered 

fetcent 

108.0 

99.2 
100.9 
1(M.8 

97.3 

99.4 

99.0 

93.6 
101.0 

96.0 
100.8 

99.4 

95.7 
99.0. 

ter cen: 

101.0 
102.0 
97.9 
104.4 
102.3 1 

97.7 
101.7 
95.0 
94.6 
101.2 
99.2 

fer cent 

9S.6 

95.4 

93.5 

91.5 
97.8 
97.0 

per cent 

4.11 

4.25 

4.23 

4.25 

4.51 

1 

! 

per cent 

100.3 

95.6 

92.6 

96.7 

102.3 
96.0 

1 

per cent 

1.36 

1.19 

1.19 

1.21 

1.26 

1.21 

fer cent 

97.5 

92.5 

114.0 

106.1 
93.0 

100.6 

100.0 

95.0 

4.27 

97.8 

1.24 1 

100.6 


* The basal medium was the same as that given in Paper XXIt' (Medium C, 
Table 1) ( 13 ) except that the concentration of total amino acids was 2.5 times greater. 
The incubation time was 2 days. The average mean deviations from the mean of 
the threonine values found at the different levels of samples were (in per cent) 3.5 
(1.6 to 7.0), amino acid Test Mixture 1; 4.0 (2.0 to 6.7), amino acid Test Mixture 2; 3.2 
(l.!s to 5 0), amino acid Test Mixture 3; 5.3 (1.2 to 8.2), casein assay; 2.9 (1.1 to 6.7), 
casein recovery; 3.S (1.0 to 9.0), silk fibroin assay; and 4.5 (3.S to 6.7), silk ffbroin 
recovery. 

t The amino acid test mixtures were the same as those referred to in Tables I, 
II. and III. 


threonine during acid hydrolysis, it seems probable that the true value for 
threonine in casein is 4.3 ± 0.2 per cent. Four closely agreeing values 
(bold-faced tj^ie' in Table IX) were obtained in four laboratories by the 
periodic acid-iodometric titration procedure and by microbiological assay 
With Sireplococcus faecalis. 
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Table IX 

Percentage of Threonine in Casein {Literature Values)* 


Casein sample 

Hydrolysis procedure 

Analytical 

metnodf 

Threonine 

fiiblio^apbic 
reference No. 

Source not given 

20% HCl overnight; reflux 


per cent 

3.5t 

(18) 

(( tt tl 

20% HsSOj 16 hrs. 


3.3§ 

(19) 

It tl 11 

6 N HCl overnight “ 


4.6§ 

(20) 

Hammarsten 

20% “ 24 hrs.; reflux 

A 

3.311 

(21) 

Source not given 

20% “ 24 “ 

D 

3.511 

(22) 

Commercial 

HCl 

<< 

2.9** 

(23, 24) 

Source not given 

25% HiSO< 

A 

3.5tt 

(25) 

Commercial 

20% HCl 24 hrs.; reflux 

D 

4.0tt 

(26) 

T. B. Osborne 

3 N “26 " “ 

tl 

4.3§§ 

(27) 

S. M. A., vitamin- 

20% “ 13 " 

ft 

3.5§ 

(28) 

free 

Source not given 

No data 

tt 

4.6IIII 

(29) 

S. M. A. 

10% HCl 10 hrs.; 121° 

E 

4.21I1I 

(4) 


* A 4.5 gm. yield (equivalent to O.OS per cent) of purified threonine was isolated 
from fibroin by McCoy et al. (16) in 1935 but it appears that there are no data on the 
percentage of threonine isolated from casein. 

t (A) lead tetraacetate oxidation to acetaldehyde and colorimetric determination 
of the acetaldehyde-p-hydroxydiphenyl complex; (B) bromine oxidation to a dike- 
tone and colorimetric determination in the presence of ferric ions of the diketoxime 
formed from the diketone and hydroxylamine; (C) periodic acid oxidation to acetal- 
dehyde and colorimetric determination of the acetaldehyde-p-hydroxydiphenyl 
complex; (D) periodic acid oxidation to acetaldehyde and iodometric titration of 
the bisulfite-bound acetaldehyde; (E) microbiological assay with Streptococcus 
faecalis {Streptococcus lactis R). 

t For casein containing 14.7 per cent nitrogen according to Block and Bolling (17). 

§ No other data available. 

II For casein (containing 15.08 per cent nitrogen, 0.82 per cent phosphorus, 0.63 
per cent sulfur, and 1.10 per cent ash) dried at 105°. The value listed was the aver- 
age of 2.8 and 3.7 per cent found in two determinations. 

^ Average of nine values (3.43 to 3.68 per cent) for casein uncorrected for moisture 
and ash. The nitrogen content of the casein was not given. Recoveries of threonhie 
from four mixtures containing from three to five amino acids ranged from 96 to 98 
per cent. Recoveries from casein hydrolysates averaged 96 (93 to 97) per cent. 

*• Value for British Drug Houses casein (containing 13.4 per cent nitrogen) cal- 
culated to 16.0 per cent nitrogen. The value was considered to be 30 to 35 per cent 
low, since the recovery of threonine from a mixture containing fifteen amino acids 
was 70 per cent. 

tt Value for casein R. Value, 3.2 percent, found for casein R by the method of 
Shinn and Nicolet (22). The value, 1.0 per cent, was found by the method of Block 
and Bolling (18; and the value, 0.7 percent, was found by the method of Shinn and 
Nicolct (22) for casein A-165 hydrolyzed by heating it for 8 hours at 165° with 10 per 
cent H3S04. Moisture, ash, and nitrogen were not given for either casein sample. 

tt Value for fat-free commercial casein (containing 14.00 per cent nitrogen) cal- 
culated to 15.80 per cent nitrogen. 
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Table DC — Concluded 

5§ Value for sample ot T. B. Osborne casein (containing 14.75 per cent nitrogen 
on moisture- and ash-free basis) furnished by Dr. H. B. Lewis. The average value, 
4.3 per cent, was calculated from about seven determinations ranging from 4.10 to 
4.46 per cent. The average value was 4.7 per cent for the casein corrected to 16.0 
per cent nitrogen. Becoverics of threonine added to casein hydrolysates ranged 
from 95 to 99 per cent. 

on For casein (containing 15.28 per cent nitrogen on ash- and moisture-free basis) 
prepared by isoelectric precipitation. 

For casein (dried at lOS") assayed with Streplococcus faecalis. 

Threonine in Silk Fibroin 

The threonine determined tvith Lactobacillus fcrmenli tmder the best 
conditions was 1.24 (1.19 to 1.36, range of six assays) per cent, corrected 
for the 5.68 per cent moisture and 0.25 per cent ash reported in Paper 
XVII (14). The following values for threonine in silk fibroin have been 
reported previously: 0.62 per cent, found by Martin and Sjuge (24) for 
^ fibroin containing 18.3 per cent nitrogen; 1.54 (1.43 to 1.66, range of 
five determinations) per cent, found by Nicolet and Saidel (30) for silk 
fibroin (dried in a vacuum desiccator) obtained from Dr. M. Harris; and 
1.36 per cent found by Stokes el al. (4) for silk fibroin (dried at 105°) ob- 
tained from Dr. W. H. Stein and Dr. M. Bergmann. The first two values 
were determined by the periodic acid-iodometric titration procedure of 
Shiim and Nicolet (22). The last value was determined by microbiological 
assay with Streptococcus faecalis. 

StTMMARY 

A microbiological procedure has been described for the determination of 
threonine in protein hydrolysates with Lactobacillus fermenii 36. The 
percentages corrected for moisture and ash of threonine in casein and silk 
fibroin, respectively, were found to be 4.3 and 1.2 under the conditions 
considered to be most dependable. 

It is considered probable that the true values for threonine in these 
proteins are 4.3 ± 0.2 (casein) and 1.2 ± 0.2 (silk fibroin) per cent, al- 
though it is recognized that the extent to which threonine is destroyed 
during hydrolysis must be measured before the true values can be deter- 
mined. Percentages of threonine in casein and silk fibroin which are in 
fair agreement -with the authors’ values have been found in other 
laboratories by the periodic acid-iodometric titration procedure and micro- 
biological assay with Streptococcus faecalis. 
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S0:ME relationships between the A3HN0 ACID CON- 
TENTS OF PROTEINS AND THEIR NUTRITD'E VALUES 
FOR THE RAT 
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Depariment of Physiology and Bioehemislry, New York Medical 
College, Flower and Fifth Arenve Hospitals, New York) 

(Received for publication, February 13, 194S) 

It is obvious that the nutritive value of a protein or mixture of proteins 
for any biolo^cal function or combination of functions is limited by the 
relative proportions of the essential amino acids contained in it; i.e., those 
amino acids that cannot be synthesized by the animal at a sufficiently rapid 
rate from any substances present in the usual diets. But it is not so clear 
that the amino add make-up of a protein is the only considerable factor 
limiting its utilization within the animal body. 

The e.vperiments of Sherman and Woods (1) on the determination of 
cystine in proteins by means of feeding experiments with growing rats 
afford an illustration of a close relationship between amino add content 
and the growth-promoting value of protein, though perhaps not sufficiently 
close to justify using a rat growth technique to check the accuracy of a 
chemical assay method for an amino add, as Grau and Almquist (2) have 
done in their study of the methionine content of various feed proteins. 
With much the same conviction, iMunks, Robinson, Beach, and Williams 
(3) have assessed the amino acid requirements of the laying hen for the pro- 
duction of one egg as being equal to the amino acids contained in one egg. 
Undoubtedly, this is a good basis on which to assess the net a min o acid re- 
quirements, but it may afford quite uncertain information of the amino add 
intakes from different protein combinations needed to cover these require- 
ments. 


Comparison of Chemical and Biological Methods of Assaying 
Protein Quality 

The study of the relationship between the amino add constitution of pro- 
teins and their value in animal growth may be pursued further by comparing 
the amino add contents of certain food products, as determined by modem 
methods, with the results of rat feeding experiments designed to detect the 
mnino adds limiting their value in the nutrition of growth. For this pur- 
pose, use has been made of the amino acid analj’ses of food products re- 
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cently assembled by Block and Bolling (4)/ and later discussed by them (6), 
from the standpoint of nutritional applications. These values have been 
revised and supplemented to some extent by more recent analyses. The 
relative amino acid deficiencies of food proteins in the nutrition of the grow- 
ing rat can be revealed clearly only by a comparison of the proportions of 
the essential amino acids present in the proteins with the proportions exist- 
ing among the amino acid requirements of the rat for growth. These at 
present are unkno^vn. However, in the proteins of whole egg we have an 
amino acid mixture that is very highly digestible and almost perfectly 
utilizable in rodent metabolism, being better than milk proteins in this 
respect. This was first shown by Mitchell and Carman (7) for the growing 
rat and was later confirmed by Sumner (8) for both growing and mature 
rats. For the adult human subject, also, whole egg proteins seem to be 
better utilized than whole milk proteins (9, 10). 

In Table I are given the percentage deviations of the contents of different 
food proteins in the essential amino acids, in Rose’s sense of the term, and 
also in tyrosine and cystine, from the contents of the corresponding amino 
acids found in whole egg protein.^ The first column of the values represents 
the results of a recent analysis of a dried preparation of whole egg performed 
by one of the authors (R. J. B.).^ The methods used in this analysis ■will be 
given later. Each value in the other columns expresses the percentage 
deviation in the amino acid content of a specified protein mixture (stand- 
ardized to a nitrogen content of 16 per cent) from that of the proteins of 
dried whole egg. For example, beef muscle proteins, according to available 
analyses, contain 46 per cent less cystine than whole egg proteins, and 12 
per cent more lysine. The amino acid limiting the nutritional value for 
maintenance and growi;h of the laboratory rat for any particular food pro- 
tein would be that amino acid present in the least amount mth reference to 

> The recent oonununication of Vickery and Clarke (5), criticizing the method used 
by Block and Bolling of computing the amino acid content of proteins to a uniform 
protein content of 16 per cent nitrogen, expresses the viewpoint of the protein chemist 
concerned solely with problems of protein structure. The viewpoint of the protein 
nutritionist, however, is entirely different, because the utilization of dietary proteins 
by animals can be studied only by the nitrogen b.alance sheet method at the present 
time. Hence, an amino acid analysis of a protein is most useful in protein nutrition 
as a chemical description of the nitrogen contained in it. From this standpoint, it 
is entirely immaterial whether the protein contains 15 or 18 per cent of nitrogen; in 
fact, for the most exact appraisal of a protein in nutrition, such differences in nitrogen 
content should bo disregarded by computing amino acid contents on a conventional 
basis of 16 per cent of nitrogen. 

- A somewhat similar use of the amino acid content of whole egg proteins has been 
made by Stare, Hegsted, and McKibbin (11). 

’ Dried and solvent-extracted at low temperatures by the VioBin Corporation, 
Monticello, Illinois, through the courtesy of Mr. Ezra Levin. 
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whole egg proteins ; i. c., that amino acid with the greatest percentage deficit 
in Table I. Thus, the limiting amino acid in pea proteins is methionine 
(—76), that in blood serum proteins isoleucine (—62), and in wheat pro- 
teins lysine (—63). 

The “indicated limiting amino acids” listed at the bottom of Table I are 
taken to be those essential amino acids in greatest percentage deficit. In 
such deductions, the arginine percentages are disregarded, since the grow- 
ing rat can, to some unknown extent, supplement a dietary deficiency in 
this amino acid by its limited capacity to synthesize it. In view of the 
known relationsliip of cystine and methionine in metabolism, whereby 
methionine is convertible into cystine but the reverse reaction does not 
occur, the limiting factor between these two was assumed to be methionine, 
or methionine plus cystine, w'hichever percentage deficit is the greater. 
The latter designation means that the protein in question is supplemented 
fully by methionine and to some extent by cystine also. The same rela- 
tionship exists between tyrosine and phenylalanine, but the necessity of 
distinguishing between these amino acids in this connection has not arisen 
in the construction of Table I. 

The extent to which food proteins will supplement each other in a diet or 
ration mil depend upon the identity or non-identity of their limiting amino 
acids, and, if they are not identical, upon the relative prominence of a com- 
mon deficiency in some other essential amino acid. Thus, whole milk pro- 
teins should obviously supplement rice proteins because the limiting amino 
acid in the one case is cystine plus methionine and in the other case lysine, 
but the extent of supplementation would presumably be slight because rice 
proteins are also rather seriously deficient in the sulfur-containing amino 
acids. 

Such uses of the values listed in Table I should be tempered by the fact 
that several methods of aniino acid analysis are still quite imperfect. 

The main purpose of presenting the data summarized in Table I is to 
compare the amino acid contents of food proteins with reference to the con- 
tents in whole egg proteins, with the results of rat feeding experiments de- 
signed to detect the limiting amino acids in the same food proteins. The 
largest percentage deficits in essential amino acids for the various food pro- 
teins considered in Table I are in harmonj’- with the following conclusions 
as to the amino acids limiting the growth-promoting values of the proteins 
for the rat. 

The proteins of whole milk (12), beef (13), soy beans (13-15), the peanut 
(16, 17), yeast (18), the pea (19), and casein (20, 21) are deficient in cystine 
or methionine or both. On the other hand, lactalbumin is definitely not 
deficient in cj'stine (21). 

The proteins of wheat (13), oats (13), rye (22), corn (13, 23), rice (24), and 
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cottonseed (25) are deficient in lysine. The supplementation of com and 
oats ivith lysine results in distinct, though sliglit, increase in gron-th-pro- 
moting power (13, 23) because of the interposition of secondarj' deficiencies, 
identified as tryptophane for com proteins, but unidentified in the case of 
oat proteins. The data of Table I suggest that the second deficiency in oat 
proteins maj’ be methionine. 

Light and Frey (26) present evidence that white flour proteins are de- 
ficient in valine as well as lysine, a conclusion that finds some support in 
the values given in Table I for this food product, but the methionine and 
isoleucine deficits seem even more severe. 

The proteins of blood plasma are primarily deficient in isoleucine (27). 
Hemoglobin, which is 79 per cent (or more) deficient in isoleucine, seems to 
be improved as a source of protein for the growing rat by a supplement of 
this amino acid (28). 

Hegsted, Hay, and Stare (29) in their recent study of the nutritive value 
of human plasma fractions, employing the ad Itbilum feeding technique with 
young rats, found that serum albumin at a 20 per cent dietary level barely 
supported maintenance of body weight. The addition of isoleucine to the 
diet definitely improved the growth-promotiag power of the ration, while 
the further addition of tryptophane brought about a marked improvement. 
Tryptophane alone had no appreciable effect. The values given in Table 
H, similar in significance to those in Table I, show that the greatest per- 
centage deficits of serum albumin are 80 for tryptophane and 75 for iso- 
leucine. These deficits in a min o acid composition agree reasonably well 
with the biological tests reported by the Harvard group. 

However, the amino acid constitution of proteins, as it is presented in 
Tables I and II, is not always in good agreement with reported biological 
tests with growing rats. Thus, the data of Table I indicate that soy bean 
proteins are deficient in methionine, although they are also supplemented 
by cystine (13-15). For alfalfa proteins, the greatest percentage deficit 
is that for isoleucine, although the biological evidence seems clear that they 
are deficient in cystine and methionine (30,31). Marais and Smuts (32,33) 
have reported evudence that linseed meal and sesame seed meal are im- 
proved in growth-promoting value by supplementation with cj'stine rather 
than with lysine, as the chemical data indicate. The fact that these work- 
ers use rats of much greater initial weight than usual maj' partially explain 
this discrepancy, a comment that is prompted by the fact that some of the 
results obtained with the technique of these workers do not harmonize 
with results secured in other laboratories, for example the failure to demon- 
strate a methionine deficiency in peanut meal (33) and a lysine deficiency 
in oats (32). 

The computations in Table I may be used to compare the amino acid 
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compositions of food proteins expressed as percentage deviations from the 
amino acid contents of the proteins of whole egg, with their biological values 
for the growing rat, as determined by the nitrogen metabolism method, 
developed by Mitchell (34, 7).'' One might expect that the proteins least 
deficient in any limiting essential amino acid would possess a higher bio- 
logical value than one more deficient, and that in general it would be pos- 
sible to arrange food proteins in the order of decreasing biological efficiency 
by placing at the head of the list the protein whose limiting amino acid is 
least deficient, as compared i\ith a nearly perfect mixture of amino acids 
such as is found in whole egg proteins. The other food proteins would then 


Table II 

Rclattve Nutritive Value of Blood Proteins .As Revealed by Their Amino Acid 

Constitution 



M hole 

Percentage dc\ lation from whole egg values 


proteins 



Fibrin 

Globulin 

Arginine . 

per cent 

6.4 

-5 

-6 

+22 

-25 

Histidine 

2.1 

-h48 

+67 

+29 

rl9 

Lysine 

7.2 

+33 

+44 

+22 

-7 

Tyrosine 

4.5 

+20 

+18 

+29 

+51 

Phenylalanine 

6.3 

-14 

+22 

-5 


Tryptophane 

1.5 

+13 


+127 

+93 

Cystine j 

2 4 

+54 

+171 

-21 

+29 

Methionine 

4.1 

-54 

-68 

-24 

-73 

Cystine -f methionine 

6.5 

-14 

+5 

-23 

-35 

Threonine 

4.9 

+29 

+4 

+61 


Leucine 

9.2 

' +96 

+29 

+52 

-12 

Isoleucine 

S.O 

' -62 

-75 

-37 

-59 

Valine 

Bl! 

-18 

-4 

-18 

+38 

Indicated limiting amino 

m 

Isoleu- 

Trypto- 

Isoleu- 

Methionine 

and .... 

Greatest deficit . ... 

■ 

cine 

62 

phane 

80 

cine 

37 

73 


follow in the order of the percentage deficits in their respective limiting 
amino acids. 

Table III was compiled to leveal such a i elationship. The limiting amino 
acids are those indicated bj' biological assay, oi, in the absence of such in- 
formation, they are identified as those acids piesent in the protein in the 
least amount relative to whole egg. The percentage deficits in the third 

* Recent iraprovements in the method relate to equalized feeding by paired rats 
on comparative diets, the use of a feces marker, and apportioning the endogenous 
urinarj- N in proportion to the three-fourths poi^er of the body weight rather than 
with body \\eight itself 
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column are taken directly from Table I. The biological values and digest- 
ibilities of protein, occupsdng the next two columns, are taken from pub- 
lished and unpublished data secured in the Diiision of Animal Nutrition 
of the University of Illinois, except for lactalbumin, rice, sesame seed, and 


Table III 

Relation between Percentage Deficits in Limiting Essential Amino Acids with Reference 
to Whole Egg Proteins, and Biological Values of Proteins 


Protein scarce 

tinitlEg esiratiA) tuslno acid 

Per- 

centage 

deficit 

Biolo;- 

icat 

valse 

Diges- 

tibility 

Biblio- 

graphic 

re/er- 

ence 

No. 




per cent 

per cent 


Beef muscle ... 

Cj-stine A- methionine 

29 

76 

iii» 

(35) 

" liver 

Isoleucine 

30 

77 

97 

(36) 

Egg albumin 

Lysine 

31 

S2 

100 

(7) 

Cow’s TnilV. .... 

Cystine + methionine 

32 

90 

95 

(12) 

Lactalbumin 

Methionine 

34 

&4 

98 

(21) 

-Beef kidney 

Cvstine + methionine 

35 

77 

99 

(36) 

“ heart 

Isoleucine 

So 

74 

100 

(36) 

Casein 

Cystine A- methionine 

■42 

73 

99 

(20) 

Sunflower seed 

Lysine 

47 

65 

94 

(37) 

Sov bean 

^Iethionine 

51 

75* 

96‘ 

(37) 

Rolled oats 

Lysine 

54 

66 

93 

t 

Yeast, average 

Cystine A- methionine 

55 

69 

93 

t 

White rice 

Lysine 

56 

66 

78 

(38) 

Corn germ 

Methionine 

61 

78 

So 

(39) 

Sesame seed 

Lysine 

61 

71 

92 

(40) 

Wheat germ 

Isoleucine 

62 

75 

95 

t 

Whole wheat ... 

Lvsine 

63 

70 

91 

(41) 

Cottonseed 

(( 

63 

61 

90 

t 

Whole com. 

t< 

72 

60 

94 

(42) 

White flour 

<< 

72 

52 

100 

(7) 

Peanut... 

Methionine 


5S 

97 

(35) 

Pea 

(( 


48 

91 

(43) 

Gelatin .... 

Tryptophane 

lOO 

2ot 

957 

(44) 


* The biological data were secured with heated soy flour. 

t The digestibilities and biological values given are from unpublished data secured 
on growing rats in the Division of Animal Nutrition, University of Illinois. 

t The biological data were secured with “pork cracklings” consisting essentially 
of connective tissue. 


the pea. The literature references in the last column of Table III denote 
the source of the biological data. 

Inspection of Table III reveals a correlation between the chemical and 
the biological evaluations of food proteins in that the lower biological values 
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tend to gravitate toward the foot of the table, while the better proteins are 
found at the top. 

The correlation coelBcient of percentage deficits in limiting essential 
amino acids and biological values is —0.861 by the product-moment 
method, in which perfect negative correlation is represented by —1.000. 
It is worthy of note that little or no correlation exists between amino acid 
deficits and coefiicients of digestibility, with r = —0.366. If the latter 
correlation is a significant one, it exists, not because of any inherent rela- 
tionship between the content of proteins in essential amino acids and their 



Fig. 1. Correlation between the chemical constitution and the biological values 
of proteins. 

digestibility by enzymes, but because of the association of plant proteins of 
lower biological value with polysaccharides such as celluloses and hemi- 
celluloses that, as Mendel and Fine (45) showed many years ago, impair 
proteolysis byimposing indigestible barriers between protease and substrate. 

The degree of correlation between the percentage deficits in essential 
amino acids of proteins and their biological values, as was determined by 
the nitrogen metabolism method, is shown graphically in Fig. 1. The 
regression equation for the prediction of biological value (y) from the maxi- 
mum percentage deficit in essential amino acid (x) is y = 102 — 0.634x. 
This equation means that with zero deficit the biological value should be 
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100, the difference between 102 and 100 being an error of random sampling. 
For a percentage deficit of 100, the biological value should be 39. It seems 
reasonable to qualify this latter statement to apply only to proteins whose 
biological efficiency is limited by the complete absence of an amino acid 
essential for growth but not for maintenance, such as histidine. Other- 
wise, the replacement of endogenous losses is impaired, as well as the abUity 
to support growth, so that the biological value possesses a somewhat dif- 
ferent significance. With gelatin, tr^^ptophane, the first limiting amino 
acid, is required for maintenance as well as for growth, and the biological 
value of 25 is for this reason, perhaps, somewhat less than the prediction, 39. 

Hegsted, Hay, and Stare (29) compared the growth-promoting value of 
serum albumin, fibrin, and y-globulin from human plasma with j'oung rats 
fed ad libitum in rations containing 20 per cent of protein. The albumin 
proved to be the poorest, the fibrin definitefy and markedlj’ the best, almost 
as good as the proteins of skim milk powder, and 7-globulin was of inter- 
mediate value. The maximum percentage deficits in essential amino adds 
for these proteins, given on the bottom line of Table II, agree with this 
biological evaluation, the deficits being 37 for fibrin, not much more than 
the 32 for milk proteins given in Table III, 73 for 7-gIobulin, and 80 for 
albumin. 

There are obvious imperfections in the correlation of chemical and bio- 
lo^cal data summarized in Table III. These imperfections may in part be 
traceable ultimately to inaccuracies in the data. The average biological 
values determined in the Nutrition Laboratory of the University of Illinois 
■win have a standard error of about 1.2 (35). The percentage deficits in 
Ihniting amino adds, being difference values, may be subject to a much 
greater error. But there are other disturbing factors m the picture. The 
biolo^cal values relate to the total nitrogen content of the food material, 
while the amino acid analyses may not. In Table III the animal tissues, 
muscle, liver, kidney, and heart, rank higher on the chemical scale than on 
the biological scale. All of these tissues contain considerable amounts of 
non-protein nitrogenous substances possessing little value in relation to the 
animal functions that dietary protein sen'es. The biological values of the 
true proteins in these tissues may be appreciably higher than those of the 
conventional proteins (N X 6.25). 

Wheat germ and com germ proteins, on the other hand, are rated much 
lower on the basis of their chemical structure than on that of their biolo^cal 
performance. The explanation is not at aU obvious. The high nutritive 
value for peanut protein that has been secured by another method of bio- 
logical assay than the biological value in the sense of Thomas (46) finds no 
support from the chemical data reported in Table I. 

Another possibility is that an imperfect correlation actually describes the ■ 
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situation, other factors than the amino acid constitution of proteins being 
involved in their nutritive .availabilit 3 % One illustration of the operation 
of such factors is afforded by the changes occurring in seed proteins on ger- 
mination. Everson et ah (47) showed that germination of soy beans greatly 
improved their nutritive value for growing rats, as measured by the gain 
secured per gm. of protein consumed, without improving the digestibility of 
nitrogen. This observation was confirmed for rats, but not for chicks, by 
Mattingly and Bird (48). However, Block and Bolling (6), by analyses for 
tyrosine, tryptophane, phenylalanine, cystine, and methionine, were unable 
to detect any change in soy bean protein during germination for 96 hours. 
Since the amino acids limiting the biological value of soy bean proteins are 
cystine and methionine, their constant proportion in the protein molecule 
during germination would not lead one to expect any change in nutritive 
value. 


Effect of Heat on Protein^ 

When food products are heated, their proteins are known to undergo cer- 
tain changes in nutritive value. The digestibility may be improved (49) 
or depressed (12) and the biological value may be similarly changed. The 
improvement in the digestibility and the biological value of certain of the 
legume proteins is a striking phenomenon (50, 37). Soy bean proteins have 
been studied most thoroughly in this connection, and it has been shown that 
the raw, as Avell as the heated, proteins are deficient in the sulfur-containing 
amino acids. In some waj', heat renders these amino acids more available 
in nutrition, obviously without changing the content of essential amino 
acids. The report of Ham, Sandstedt, and Mussehl (51 ) that the appUcs- 
tion of heat to soj' beans destroys a proteolytic-inhibiting substance in the 
raw bean may partially e.\plain this phenomenon. The position of soy bean 
proteins in the rankings attempted in Table III supports a correlation be- 
tween limiting amino acid deficiencies and biological value only when the 
maximum biological value of the heated product is considered. The raw 
product, with a biological value of 59 (37), would be distinctly' out of line 
with the other proteins. Evidently the application of heat is necessary' to 
attain the full potential nutritive capacity of soy bean proteins. 

The protein of the pea possesses a low biological value and its chemical 
rating is also low (see Table III). On heating, its nutritive value is de- 
pressed (19). The cereal proteins and the proteins of milk, which also are 
impaired by' heating, each seem to hai'e comparable chemical and biological 
ratings. On the basis of these facts, one might be tempted to venture the 
prediction that, in such a listing as is illustrated in Table III, food products 

' The original data presented in this section were secured with the aid of funds con- 
tributed by General Mills, Inc., of Minneapolis, Minnesota. 
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whose unhealed proteins are ranked much lower by an adequate biological 
assay than by a chemical appraisal of the type here used would exhibit an 
improvement in biolo^cal value on heating, while those food proteins whose 
biological assays and chemical ratings show reasonable agreement would ex- 
hibit a decrease in biological value on heating. 

The most usual effect of heat on the nutritive qualities of food proteins is 
a depressing one. well illustrated by the recent work of Stewart, Hensley, 
and Peters (52) on oats and mixed cereals. 

"U'e would like to present a somewhat intensive studj' of the changes that 
occur in cereal proteins during heating, first, with reference to their digesti- 
bility and biological value for the immature and the mature rat, and, then, 
with reference to the content of raw and heated proteins in the essential 
amino adds. 

The cereals studied were an oat-com-rye mixture sold as a breakfast 
food,® and rolled oats. The method of assay of protein (nitrogen) digesti- 
bility and biolo^cal value was essentially that described by Mitchell (34),® 
with young growing albino rats, and, later, mature rats. 

The average digestibilities and biological values of the nitrogen of the 
unheated, the partially processed (pelleted), and the full 3 ’ processed (ex- 
ploded) cereal mixture are given in Table IV, together with the results ob- 
tained with raw and cooked rolled oats. The differences between average 
results, with their standard errors, are as follows: 


Cereal tnuture, unprocessed rs. 
pelleted 

Cereal mixture pelleted rs. fully pro- 
cessed 

Cereal mixture, unprocessed rs. raw 
rolled oats 

Rolled oats, raw rs. cooked 


DiSerciices with slutidani errors 
Digestibibty Brolosical \alue 

0.42 ± 0.74 


2.54 ± 0.74 

3.55 ± 0.72 
0.63 ± 0,71 
1.63 ± 0.6S 


11.47 ±1.23 
2.10 ±0.73 
2.S6 ± 1.00 


Such an analj’sis reveals that the pelleting of the cereal mixture defi- 
nitely depressed the digestibilitv- of the protein, without appreciablj^ affect- 
ing its biological value. Further processing, involving treatment under 
high steam pressure (gun explosion), definitel}" and considerablj' lowered 
both the digestibHitj' and the biological value of the protein. The raw 
rolled oats contained protein definitelj', if onlj' slightlj', superior in bio- 
logical value to the protein of the oat-com-rye mixture, though no more 
digestible. Cooking the rolled oats in accordance with the recommended 
domestic practice probably lowers the digestibilitj' of the protein, and 
increases slightlj' the biological value. 

‘Puffed oat cereal No. 1. 



612 


AAnNO ACIDS IN PROTEINS 


The data reported in Tables V, VI, and VII were obtained with growing 
rats in a succession of three experimental periods, the standardizing period 


Table IV 

True Digestibilily and Biological Valve of Nitrogen of Cereal Products before and after 

Processing, for Growing Rats* 


Products 1 

No. of 
dclcr- 
mina- ] 
tions 1 

True digcstibilltj' 

1 

Biological value 



Per cent 

per cent 

Oat-corn-rye mixture, unprocessed 

12 

91.67 ± 0.66 

62.67 ±0.48 

“ “ pelleted 1 

12 

88.83 ± 0.49 i 

62.25 ±0.56 

“ " t fully processed .... 

24 

85.25 ± 0.53 

60.78f ± 1.10 

Rolled oats, raw 

30 

92.30 ± 0.43 

64.77 ± 0.65 

“ “ cooked 

24 

90.67 ± 0.53 

67.63 ±0.83 


* These determinations were carried out in the research laboratories of General 
Mills, Inc., by Miss Claire A. Frederick under the supervision of Dr. C. G. Ferrari, 
t Puffed oat cereal No. 1. 

1 Average of eighteen determinations. 


Table V 

True Digestibility and Biological Value for Growing Rats of Nitrogen of Oat-Malted 
Wheal Flour Mixture before and after Heat Processing (Gun Explosion) 


Rat No, 

Period No. 

1 

Processed mixture* 

Period No. 

Unprocessed mixture 

True 

digestibility 

Biological 

value 

True ^ 
digestibility 

Biological 

value 

95 M. 

1 

1 

per cent ^ 

86 

per cent 

53 

3 

per cent 

90 

||M| 

97 “ 

1 

83 

50 

3 

91 


99 “ 

1 

87 

53 

3 

94 


101 F. 

1 

88 

53 

3 

91 

65 

103 “ 

1 

85 

51 

3 

94 

70 

96 M. 

3 

83 

53 

1 

91 

70 

98 “ 

3 

83 

61 

1 

92 

64 

100 “ 

3 

84 

53 

1 

92 

70 

102 F. 

3 

SO 

49 

1 

94 

64 

104 " 

3 

82 

52 

1 

90 

59 

Averages . 


84.1 

51.8 


91.9 

65.5 


•■Puffed oat cereal No. 2. 


being the second, while the first and third periods were planned so that each 
rat received each of the test foods, half of them in one order and half in the 
reverse order (for further details of the procedure, see (37)). 
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Table VI 


True Distiiibiliiy and Biological I''aluc for Groanng Rats of Tftirogen of Processed 
Oai-Maltcd Wheat Flour Mixture* and of Rolled Oats 


lUt No 

Ptnod No 

Oil trilled w^eat Cour ' 
nuturc 

1 

Period No 

BoUed outs 

Tree 

diRestibUity 

Bio'ofncal 

value 

True 

di^UbUity j 

Biological 

vah.e 



1 fer teni 

cent 


^ Ctrl 

pttetrA 

55 M. 

1 

S3 

51 

3 

90 

1 69 

57 “ 

1 

S4 

48 

3 

91 

65 

69 “ 

1 

ss 

50 

3 

1 93 

70 

61 F. 

1 

S4 

48 

3 

94 

68 

63 “ 

1 

S7 

45 

3 

97 

73 

56 M. 

3 

90 

52 

1 

91 

65 

53 “ 

3 

87 

50 

1 

94 

67 

60 “ 

3 

S9 

54 

1 

91 

67 

62 F. 

3 ' 

S7 

55 

1 

91 

58 

64 " 

3 * 

1 

S9 

56 

1 

97 

58 

Averages .... 

S6.8 

50.9 


92.9 

66.0 


•Puffed oat cereal No. 2. 


Table VH 


True Digestibility and Biological Value far Growing Rats of Nitrogen of Uncooled 
Rolled Oats and of Oat-Corn-Rye Mixture* 


Bat No 

Period No 

KoUed oats 

i 

Period No ' 

Oal-co-a rye euxtare 

True 

digestibility 

Biological 

value 

True 

digestibnity 1 

Biological 

val^e 

115 M. 

1 

fer Ctrl 

91 

fer eerl 

67 

3 

fer cent 

90 

fer eerJ 

63 

117 “ 

1 

89 

71 

3 

92 

63 

119 F. 

1 

90 

73 

3 

91 

62 

f—l 

1 

93 

68 

3 

92 

63 

123 M. 1 

1 

90 

67 

3 

93 

62 

125 “ 

1 

91 

65 

1 3 

93 

64 

116 “ 

3 

90 

67 


91 

64 

118 “ 

3 

91 

66 


93 

1 64 

120 F. 

3 

90 

68 


92 

67 

122 “ 

3 

89 

69 


94 

71 

124 M. 

3 

91 

67 


92 

63 

126 “ 

3 1 

92 

67 


93 

63 

Averages 


90.6 

67.9 

Bi 

92.2 

64.1 


Puffed oat cereal No. 1. 






































614 


AMINO ACIDS IN PROTEINS 


With a slightly modified cereal mixture consisting mainly of oats, it is 
apparent from Table V that the gun explosion process lowered the digesti- 
bility of the proteins by 7.8 percentage units and the biological value by 13.7 
percentage units. The proteins of the processed cereal mixture were also 
inferior to the proteins of rolled oats, both in digestibility and in biological 
value (Table VI). The oat-corn-rye mixture, unprocessed, contained 

Table VIII 


Replacement Value of Nitrogen of Processed Oal-Corn-Ryc Mixture* on That of' 
Unprocessed Mixture for Adult Male Rats, Comparing Each Rat with Its 
Pair Mate in Same Experimental Period 


Period 

No. 

1 

Kat No. 

Source of protein 

Nitrogen 
intake per 
day 

Nitrogen 
balance 
per day 

Di6tcrencc in 
nitrogen 
balance 

Replacement 

value 


i 


ffl^. 

mf. 

nc- 

per cent 

1 

21 

Processed mix 

119 




i 

22 

Unprocessed mix 



13.27 

89 


23 

Processed mix 

mSm 





24 

Unprocessed mix 

mSm 

+22.58 

18.72 

84 


25 

Processed mix 

mSm 

-4.66 



1 

1 

20 

Unprocessed mix 

mSm 

+25.64 

30.30 

75 


27 

Processed mix 


+1.63 




28 

Unprocessed mix 

120 

+15.06 

13.43 

89 


29 

Processed mix 

127 

+2.44 



1 

30 

Unprocessed mix 

128 

-2.91 

-5.35 

104 

2 ! 

21 

Unprocessed mix 

84 

+9.57 

18.81 

78 


22 

Processed mix 

! 84 

-9.24 




23 

Unprocessed mix 

84 

+6.59 

14.90 

82 


24 

Processed mix 

84 

-8.31 




25 

Unprocessed mix 

84 

-2.00 

6.75 

92 


26 

Processed mix 

84 

-8.75 




27 

Unprocessed mix 

84 

+1.82 

9.98 

88 


28 

Processed mix 

84 

-8.16 




29 

Unprocessed mix 

90 

+1.66 

13.64 

85 


30 

Proeessed mix 

91 

-11.98 




86.6 





1 


* Puffed oat cereal Xo. 1. 


somewhat more digestible proteins than rolled oats, but with a somewhat 
inferior biological value (Table VII). 

Additional evidence of the injurious effects of the gun explosion process 
on the nutritive value of the proteins of cereals is afforded by the data 
collected in Table ITII on the nitrogen metabolism of mature albino rats. 
In these experiments, the rations contained only 4 or 5 per cent of the test 
proteins, as contrasted with the tests on the growing rats, which received 
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rations containing about 10 p)€r cent of protein. The lower protein require- 
ments of maturity, as compared with adolescence, dictated such a change. 
In the two experimental periods, the diets were reversed for all rats, and a 
system of paired feeding was adopted whereby paired rats received equal 
amounts of their respective diets. The nutritive efficiency of the compara- 
tive proteins was judged entirely on the basis of the nitrogen intake and the 
balance of nitrogen. The replacement values of processed on improcessed 
cereal proteins were computed in accordance with the scheme proposed by 
ilurlin. Is asset, and Marsh (53); namely, 100 minus the difference in nitro- 
gen balance on the two test proteins expressed as a percentage of the intake 
of nitrogen. In the present case, a replacement value less than 100 indi- 
cates the inferiority of the processed protein. 

In nine of the ten comparisons presented in Table \TII, the processed 
protein proved to be inferior to the unprocessed protein. The average re- 
placement value was 86.6, indicating a heat damage of 13.4 per cent. In- 
spection of the complete data of this experiment reveals that this damage 
results in about equal degree from an impairment in digestibility and an 
impairment in metabolic utilization, as measured by the biological value. 

The data presented above reveal a marked depression in the digestibility 
and the biological value of the proteins of cereal mixtures subjected to the 
e.xtreme heat of the gun explosion process of breakfast food manufacture. 
This depression is evddent in the nutrition of maturitj', as well as in ado- 
lescent nutrition. However, when these “puffed” cereals are consumed 
with the usual proportions of mUk, the nutritive value of the mixed pro- 
teins is high, oudng to the marked supplementarj' relations existing between 
the proteins of cereals and of milk .* 

The data also reveal that oat protein, subjected to domestic cooking, is 
not impaired in nutritive value, but that the protein of uncooked rolled 
oats is definite!}' superior to that of the cereal mixtures tested, whether 
processed or improcessed. 

In order to determine whether these changes in nutritive value of cereal 
protems were associated with changes in their contents of the essential 
amino acids, analyses for the latter were carried out by one of us (R. J. B.) 
upon the unprocessed, the pelleted, and the exploded cereal mixture and 
upon uncooked rolled oats. The results are assembled in Table IX. The 
methods used in these analyses are indicated in Table X. These methods 
were the same as those used to obtain the amino acid content of whole egg 

’ Thus, the heat .damaged cereal mixture, for which data are reported in Tablet", 
i^hen consumed (by growing rats) with a 1:1 milk-cream mixture in the proportion of 
1 part of dry cereal to 4 parts of milk-cream, exhibited a protein digestibility of 93 per 
cent and a biological value of 85. These values apply, of course, to the mixed 
proteins. 
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Table DC 

Amino Acid Content of Processed and Unprocessed Cereals; All Values Calculated to 
Protein Containing 16 Per Cent Nitrogen 


Amino acid I 

1 

Oat-Com-Ryc Mixture* 

Rolled oats 

Unprocessed 

Pelleted 

Pelleted and 
exploded 


per cent 

per cent 


per cent 

Arginine 


5.4 


5.8 

Histidine 

i.g 

2.0 


1.9 

Lysine , 

2.1 

2.0 


1.9 

Tyrosine 

4.3 

4.1 


4.1 

Phenylalanine 

5.6 

5.5 

6.0 

5.4 

Tryptophane 

1.1 

1.1 

1.1 

1.1 

Cystine 

1.6 


1.5 

1.4 

Methionine 

2.4 


2.6 

2.1 

Threonine 

3.6 


3.5 

3.2 

Leucine 

8.8 

8.7 

8.8 

8.9 

Isoleucine 

5.6 

5.4 

5.4 

4.9 

Valine 

6.2 

6.0 

5.8 

5.5 


• Steps in the manufacture of puffed oat cereal No. 1. 


Table X 


Amino Acid Methods Employed 


Amino acid 

Method 

1 

of hydrolysis 

No, of 
hydro- 
lyses 

No. of 
rSplicate 
detenni- 
natioDS 

Arginine 

Kossel-Block isolation 

8 N H-SOs 

4 

4 

Histidine 

ft ft 1 

8“ “ 

4 

4 

Lysine 

(( (( 

8 “ 

4 

4 

Tyrosine 

Millon-Lugg colorimetric 

5 “ NaOH 

2 i 

8 

Phenylalanine . . . 

ICapeller- Adler ” 

5 “ “ 

2 

12 

Tryptophane. . . . 

Millon-Lugg “ 

5" “ 

2 

8 

Cystine 

Pleming-Vassel “ 

Formic acid-HCl 

2 

8 

Methionine 

McCarthy-Sullivan colori- 
metric 

18% HCl 

2 

6 

Threonine 

Block-Nicolet oxidation 

18“ “ 

2 

6 

Leucine 

Microbiological 

3 N “ 

2 

20 

Isoleucine 

ft 

3 " “ 

1 2 

20 

Valine 

ff 

3 " “ 

2 

20 


proteins (Table I), with the folloiving exceptions: threonine was determined 
by the oxidation method of Shinn and Nicolet (54), and lysine by the micro- 
biological method of Dunn ct al. (55), as well as by isolation as the picrate. 
It will be noted from the data in Table IX that the amino acid content of 
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the proteins of the oat-com-ryo mixture has not been altered appreciably, 
either by the heat involved in the pelleting process or by the more severe 
heat used in the gun explosion process. In particular, the lysine content 
shou's no evidence of impairment, a fact of interest because lysine is the 
amino acid limiting the nutritive value of cereal proteins. Here we have, 
therefore, a definite impairment by heat of the digestibility and biological 
value of the proteins in a cereal mixture (Tables V and VIII), uith no 
apparent destruction of the essential amino acid, l 3 'sine, limiting the bio- 
logical utilization of the proteins (Table IX). Block, Jones, and Gers- 
dorff (56) showed that the Ij’sine content of casein was not impaired by ex- 
posure to dry heat at a temperature of 150°. It was suggested that this 
treatment may have brought about a molecular rearrangement “so that a 
part of the Ij-sine precursors (rests) become resistant to enzymatic degrada- 
tion.” The formation of a new peptide linkage between the eamino group 
of lyane and a free carboxjd group of other amino acids is a possibilits'. 

The data of Table IX fail to suggest, much less indicate, anj' essential 
difference in the protein value of rolled oats and of the oat-com-iye mixtiue, 
although the results of the test on immature rats presented in Table \'TI 
reveal a veiy distinct superioritj' in nutrition of the proteins of oats over 
those of the mixture, and Table IT presents evidence on growing rats of the 
superiority of oat proteins over those of a similar cereal mixture. Possibly 
those differences in biological value are well n-ithin the analj’tical error of 
amino acid methods. 

A depression of the nutritive value of proteins by heat without involving 
ammo aeid destruction is conceivable on the following grounds. (1) The 
digestibility of the protein maj^ be depressed without incurring amino acid 
destruction, as Seegers and Mattill (57) found for heated liver preparations. 
(2) A decreased digestibility may involve the elimination in the feces of a 
protein fraction containing disproportionate amounts of certain amino 
acids, as Jones and Waterman (58) found for the protein, arachin. (3) 
The application of heat to a protein may promote certain combinations 
between terminal groupings that are resistant to proteolytic action, re- 
sulting in atj’pical peptides that may be absorbed as such (59, 60) and 
excreted in the urine. 


SUMMART 

1. The relationship of the amino acid constitution of a protein, or of the 
protein component of a food product, to its nutritive value for the growing 
rat can be best revealed, in the absence of accurate values for the amino 
acid requirements, by computing for each protein, or protein moiety, the 
percentage deviations of the contents of each essential amino acid, expressed 
per 16 gm. of nitrogen, from the corresponding contents of a protein mix- 



618 


AAONO ACIDS IN PROTEINS 


ture, such as that of whole egg, that is almost completely digestible by the 
rat and utilizable in adolescent metabolism. This has been done for a series 
of twenty-eight proteins and protein mixtures for which satisfactory an- 
alyses have been secured for all of the essential amino acids. 

2. From such computations, the essential amino acid limiting the nutri- 
tive eflaciency of the protein will be revealed as that one whose percentage 
deficit from that of the standard protein (whole egg) is the greatest, due 
consideration being given to the reciprocal relation e.xisting between cystine 
and methionine in anabolism. The limiting amino acids thus indicated 
agree with those determined in feeding experiments with only one or two 
exceptions. 

3. The proteins of foods may be ranked in the order of decreasing nutri- 
tive efficiency on the basis of increasing percentage deficits (as above de- • 
fined) in their respective limiting essential amino acids. These percentage 
deficits are highly correlated (r = —0.86) with the corresponding biological 
values determined by the nitrogen metabolism method. Little or no 
correlation exists between the chemical ratings of the proteins and their 
digestibility by the growing rat. 

4. The biological value of a protein (y) may be roughly estimated from 
its maximum percentage deficit in an essential amino acid (s) by the equa- 
tion: y = 102 — 0.634a:. 

5. However, there are known instances in w'hich the biological value of 
a protein, or protein mixture, and its chemical rating do not agree, for 
various reasons discussed in the text. 

6. In particular, the nutritive value of cereal proteins may be greatly 
impaired by the application of heat -svith no demonstrated alteration in 
their content of the essential amino acids. 

7. A basis for predicting the effect of heat on the biological value of a 
food protein is suggested. 
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CHANGES IN THE INORGANIC CONSTITUENTS OF 
DEVELOPING SALMON EGGS* 

Bt F. R. H/VYES, D. a. DARCY, a-vd C. M. SULLWAN’ 

(From the Zooloffical Lahoratory, Dalhousic Uriitersily, Halifax, Hora Scolia) 
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Changes in the distribution of sodium, potassium, calcium, magnesium, 
chloride, and phosphorus have been folloired during the earlj’ development 
of Salmo salar. Needham (1) pves the constitution of undeveloped fish 
eggs; the literature on changes during development is referred to below. 

A sample of unfertilized celomic eggs from one fish was bottled in celomic 
fluid for analj'sis, and the rest of the eggs from this female were moved from 
the hatcherj' to the laboratoiw 2 days after fertilization and reared there. 
The analyses given below of celomic fluid, celomic eggs, and water-hardened 
eggs 2 days after fertilization all refer to products of this same parent 
salmon. VTien the eggs from the first fish were used up, those from a sec- 
ond one were brought in, and still later eggs from a third female were 
used, the work being continued up to the time of complete absorption 
of the yolk sac. The first lot averaged 1 18 mg. in celomic fluid and 138 mg. 
when developing; results from the second and third lots have been recal- 
culated to this basis. "Weights of yolks and embryos were obtained in 
part by direct weighing and in part from unpublished data of Armstrong. 
Yolk is taken as 59 per cent water and embryo as 86 per cent'water (2). 
Fertilization has been called —50 days and the central hatching date 
zero; intermediate times were recalculated accordingl}'. In placing the 
batches with reference to one another, use was made of the stages de- 
scribed by Pelluet (3). 

Methods 

Analyses were made of the whole eggs, larvae, yolks, and embtv'os. 
A larva is an embryo with the yolk sac attached or, expressed difierenth’, 
the whole egg minus capsule and perivitelline fluid. Dissection of the 
embryo from the yolk sac was first practicable at — 18 days. 

Preparation of Samples — Wet ashing with nitric acid in a Kjeldahl 
flask (4) was successful but required 50 hours. A great shortening of 
time was made possible by the perchloric-nitric method of lung (5). 
As an alternative to ashing, trichloroacetic acid extracts were made. 
The material was first frozen on sand in a mortar; it was then ground 

* InvestiEation aided by grants from the Penrose Fund of the American Philosophi- 
cal Society and the Canadian National Committee on Fish Culture. 
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until smooth, with gradual addition of acid, and quantitatively trans- 
ferred to a centrifuge bottle, shaken for 10 minutes, centrifuged, and filtered, 
the resultant clear solution being used for analysis of all four metals as 
well as phosphorus. Usuall}'^ 50 to 100 specimens were subjected to ashing 
or extraction. 

Polassium — The method followed was that of Kramer (6), ceric sulfate 
being used in the final titration (7). 

Sodium — ^The procedure was basically that of Ball and Sadusk (8), 
suggested modifications (9) being found unnecessary. 

Magnesium — ^The method was that of Greenberg et al. (10, 11), calcium 
and iron being removed as a preliminary. 

Calcium — ^The method of Larson and Greenberg (12) was followed, 
certain modifications (13, 14) having been tried and found unnecessary. 

Chloride — ^The method of Van Slyke (15) was used. 

Phosphorus — ^For the inorganic fraction the trichloroacetic acid extract 
was used; total phosphorus was determined in dissolved wet ash. The 
colorimetric method of Fiske and Subbarow (16) was followed. 

Bicarbonate — ^The bicarbonate value of the celomic fluid was kindly 
obtained by Dr. E. C. Black, for whose methods see earlier papers (17, 
18). All of the COj was calculated as bicarbonate. As to eggs, the bi- 
carbonate figure for yolk was obtained from data for Salvelinus fontimlis 
of Irving and Manery (19) who found 1.39 volumes of CO 2 per cent wet 
weight during earliest development, half of which was bicarbonate. Taking 
an egg as 67 per cent water (20) and dividing by the gm. molecular volume, 
one obtains 


1.39 100 10 

2 ^ 67 ^ 22.4 “ 


0.5 


milliequivalent of bicarbonate per kilo of egg water, a negligible amount. 

Celomic Eggs and Celomic Fluid 

The ovarian or celomic fluid, which appears rather suddenly just at 
the time of hatching (21), is clear, limpid, and slightly translucent. It has 
1.30 per cent of solids, a specific gravity of 1.0070 at 20V4°, and contains, 
in milliequivalents per kilo of water, Na 151, K 3.2, Ca 7.1, Mg 2.6, Cl 
116, HPO4 4.0, HCO3 13.4. In the Salmonidae the ripe eggs lie freely in 
the celom. Fig. 1 compares celomic fluid with the eggs in it, the latter 
being called “early yolk.” 

The conclusions to be drawn from Fig. 1 are that in the celomic fluid (1) 
sodium is the dominant base, and chloride is the dominant acid; (2) the 
base found is 31 milliequivalents in excess of the acid found, which indicates 
that protein is used for binding base; (3) the relative distribution of ions 
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is in accord with analyses of sea water and vertebrate serum (22) ; in the 
ahmic eggs (4) potassium is the dominant base, but large proportions of 
calcium, magnesium, and sodium arc found as well; (5) there is a large 
excess of base over acid, namely 204 milliequivalents, to be accounted for 
by assuming that some of the protein is used for base-binding, and that 
most of the Ca and ^Ig is not ionically active (see below). 

The freezing point depressions, A, of celomic eggs and celomic fluid have 
been calculated from base to see whether the analyses are in general agree- 
ment with A as directly observed. Some values from the literature for 
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Fig. 1. A comparison of the ioruc constitution of the celomic fluid, yolk, and 
embryo. The cryoscopic line is based on data from the literature. Only inorganic 
phosphorus is considered, and it has been assigned a valence of 2 in the celomic 
fluid, 1 in the yolk, and 1.8 in the embryo. 

this quantity are assembled in Table I together with our own calculations. 
From Table I the following conclusions may be drawm: (1) Ripe eggs in 
the celom are somewhat hypertonic to the blood (25, 26), while the celomic 
fluid is markedly hypotonic to blood (21, 23, 24). The follicular fluid of 
the cow and pig is also hj^potonic to blood (27). (2) The total base of the 
celomic fluid accounts correctly, on assumptions made, for the osmotic 
pressure reported in the literature, while the total base of the egg, when 
assumed to be osmotically active, ^ves results that are one-third higher 
than reported cryoscopic measurements (present work). (3) If in the 
eggs only Na and K are considered as participating in osmotic acthdtj’. 
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the calculated A is only slightly lower than the observed A (present work). 
If it is assumed, as is usual, that all or nearly all of the Na and K is 
active, it follows that only a smajl portion, 10 to 15 per cent, of the Ca and 
Mg is osmotically active, the remainder being organically bound. 

Schmidt-Nielsen and Schmidt-Nielsen (26) found that the juice from 
cooked salmon muscle gave a A value of 0.994, or about the same as our 
calculated total base value for eggs. Some bound salt was doubtless 
liberated by the boiling. In the yolk of the hen’s egg, A calculated from 
analyses is 1.22, wdiile the observed value is only 0.60 (28). The value of 
A for chick yolk has been reported as even lower; namely, 0.42 to 0.45 

Table I 

Comparison of Observed Values of Freezing Point Depression, A, of Anadromous 
Salmonids in Fresh Water at Spatming Time with Calculated 
Results of Present Analyses 




Blood 

Celomic i 
fluid , 

Egn in 
celom 

Salmo salar 

Atkins (23), 1 female 

1 

0.560 1 



This paper, calculated from total 

1 

1 

0.555 1 

0.948 


base 

This paper, calculated from Na and 

j 


0.599 


K only 




" salvel- 

Bogucki (24), both tests from same 


0.615 i 

0.640 

inus (syn. 

fish 




alpinus) 

Runnstrom (25), whole blood and 

0.636 


0.645 


eggs from different fish 
Schmidt-Nielsen and Schmidt-Niel- 

0.620 

1 

0,642 


sen (26), average of 2; serum and 
eggs from same fishes 


1 


Oncorhynchus 

Greene (21), average of 6 females; 

0.602 

0.552 


tschawytscha 

both tests on each; serum and 
whole blood the same 





(29, 30). For trout yolk it remains unchanged throughout development 
(31). 

Ionic Changes When Egg Is Laid 

When an egg is laid, it is normally fertilized and at the same time water- 
hardening begins, the latter process being independent of fertilization. 
To the discussion given by Hayes and Armstrong (2) v'e now add in Table 
II the evidence of direct anal 3 "sis. Tliere is evidently a small loss of certain 
ions; the diminution in base would lower the osmotic pressure by about 
3 per cent. As to anions, wliile we found an 8 per cent loss of chloride, 
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Manerj' and Indng (20) report that no loss occurs in Salmo gairdneri 
eggs. The other anion, inorganic phosphate, represents only one-quarter 
of the total phosphorus; so that a change might mean either loss from the 
egg or conversion into organic phosphorus. 

The bottom line of Table II gives the only previous salmon egg anal5'Eis 
found (4). The results, except for calcium, arc somewhat lower than ours 
but show substantial agreement especially in ratio to one another. 

Osmotic Relations of Yolk and Embryo 

Fig. 1 is a barograph of conditions shortly after the beginning, and at the 
time the yolk is nearlj' used up. Except as otherwise noted the v^alues 
are taken from the smoothed curves of Fig. 3. The line in Fig. 1 marked 
“cryoscope” is based on the data for Salmo salvelinus in Table I, which 
presumably apply to yolk after water-hardening, as well as before. It 

T.iBLE II 

Changes j'n Salt Concentration As Resnlt of Transfer of Eggs from 
Celomic Fluid to Il'afcr 


The values are in mg. per 118 mg. of yolk, which has 59 per cent water. The bot- 
tom line gives analyses of Bialaszewicz (4) on Salmo solar celomic eggs, adjusted 
to a 118 mg. yolk. 


M«terul 

Nl 

K 

Ca 

Mg 

Cl 

Icor- 

sasdcP 

Total 

P 

Celomic egg. 

0.067 

0.363 



0.195 

0.096 


Fertilized egg in water. . . 1 

0.060 

0.363' 

■nBffl 


O.ISO 

0.081 

0.558 

Per cent loss I 

10 

0 

s 


8 

16 


Bialaszewicz 


0.2S3 

I 0.122 


0.141 


0.411 


shows the concentration of mixed base w hich corresponds to a freezing point 
depression of 0.64°. The extension of the cryoscope line across the embrj'o 
suggests that embryo and j'olk are isotonic, which is probably true. 

The large stores of calcium and magnesium in the yolk remain unchanged 
m concentration during development, but the potassium concentration 
diminishes so greatly that it is necessary to assume that most of the formerly 
mactive calcium and magnesium come to participate osmotically. The 
utilization of organic material for metabolic purposes would free salt 
and increase the inorganic phosphorus. 

Bialaszewicz (32) developed an ingenious technique to separate the 
“dispersed phase” or colloidal phase with its non-participating inorganic 
constituents from the “intermicellar liquid.” In Salmo fonlinalis yolk 
he found that the following percentages of the substances named were 
organicallj' bound, hence inactive; K 11, ICa 49, Ca 73, ^Ig 6S, Cl 0, total 
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P 90. His method is theoretically sound and the general conclusions 
warranted. The results, however, present quantitative difficulties which 
have been discussed by Krogh (33). 

The early embryo has a quantity of base which agrees with cryoscopic 
tests and could be reasonablj’' thought to be almost wholly active. The 
same would be true of the late embryo were it not for the striking increase 
in calcium and phosphorus, the excess of which must be inactive. 



Fig. 2. A comparison of the loss of each mineral from the yolk with the gain by the 
embryo. When the embryo curve is above the yolk curve, an uptake from the sur- 
rounding water is indicated. This is so in the case of sodium and calcium. The 
other substances sustain loss during development. Fertilization occurred at —60 
days. 


Changes During Development 

To illustrate the ionic trends Figs. 2 and 3 have been drawn. In Fig. 
2 the yolk loss is obtained by subtracting the later weights from the initial 
yolk value; thus it was found that at —7 days the yolk contained 0.288 
mg. of potassium. The initial store being 0.363 mg. (Table II), the 
point on Fig. 2 for —7 days is placed at (0.363—0.288) or 0.075 mg. The 
potassium of the embryo on that dai-- w'as 0.055, wliich is plotted as “gain 
by embiyo.” In Fig. 3, dealing with concentrations, experimental points 
have been set dowm for those ions which appear to exhibit a trend, but 
w'here no trend was apparent only the average level has been placed on the 
chart without supporting points. The degree of scattering of points about 
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the horizontal lines is indicated b}’ the following list, which shows the per 
cent probable errors. 

Yelk Enboo 


Sodium to " 

Potassium ® 

Calciiun ^ 

Magnesium 3 tO 

Chloride 9 ® 



Fig. 3. Changes in mineral concentration in the yolk during development. 
four elements to the right have been considered as constant, because no trend coni 

be observed. For their fluctuations, which were considerable, see the text. fHos- 

phorus has been assigned a valence of 1 in the yolk and 1 .8 in the embryo. 

It may be noted that the milliequivalents per kilo of water will t>e less 
accurate than mg. per specimen, since in the former there are combmed 
with the analj^tical errors those of weight and water content. 

Sodium— As Fig. 2 shows, there is an uptake of sodium from the sur- 
rounding water, which appears to begin rather suddenly at the time of 
hatching. By the time the yolk sac has disappeared the embr 3 -o contains 
over twice as much sodium as the egg had at the beginning (for which sw 
Table II). In the matter of concentration, the fluctuations appear to be 
random, and it is concluded that the yolk maintains 32 and the embry'o 
68 milliequivalents per kilo of water. 

Potassium — The concentration of potassium in the embryo shows no 
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trend but remains fixed at some 86 milliequivalents per kilo of water 
(Fig. 3). Leulier and Paulant (34) have followed potassium in rainbow 
trout larvae from the time of three-fourths absorption of the yolk sac 
until the young fish had a wet weight of 10 gm. They found a constant 
value only slightly higher than ours, some 95 to 100 milliequivalents per 
Idlo of water. It thus appears that the level of potassium established at 
the earliest stages is permanently maintained. 

The source of the embryonic potassium is the yolk, which starts out rvith 
130 milliequivalents but is steadily denuded as development proceeds, until 
at the end potassium is the most scarce of the ions studied (Fig. 3). So 
far as our evidence goes, potassium is also the only ion for which a specific 
selective power by the embryo from the yolk can be demonstrated. Evi- 
dently the egg is provided rvith barely enough potassium to carry the 
embryo through to feeding time, but in spite of this, there is some loss to the 
outside, as Fig. 2 shows, so that the larval system is not wholly efficient in 
conserving its stores. Fig. 2 indicates that the loss begins before hatching, 
when the capsule becomes permeable (35). It is interesting that 
the developing larva, in spite of the shortage of potassium, is unable to 
absorb any from the water. 

Calcium — ^Absolute calcium values are shown in Fig. 2. It vill be seen 
that, beginning at about the time of hatching, the embryo gains a great 
deal more than the yolk loses, which represents uptake from the surrounding 
water. This finding confirms work on the brook trout by McCay et al. 
(36, 37) who found only 0.008 mg. of calcium per specimen in “green eggs,” 
but 0.035 in fry with the yolk sac absorbed. When allowance is made for 
the difference in egg size, their results are a little over half as high as ours. 
In another paper (38), McCay and Tunison observed an uptake of calcium 
from the water in older trout and say, “This experiment shows clearly why 
we have failed to produce any disease resembling rickets in trout when we 
fed diets low in calcium and high in phosphorus. Our experiments do not 
indicate whether this calcium is absorbed' through the gills or from the 
gastro-intestinal tract.” As the foregoing statement suggests, the con- 
centration of calcium in the embryo increases steadily as development 
proceeds (Fig. 3). The increase is paralleled by that of inorganic phos- 
phate, so that these two materials form the dominant inorganic con- 
stituents of the embryo in later development. In the yolk the concentra- 
tion of calcium shows only random fluctuations with a constant mean 
value of 65 milliequivalents per kilo of water (Fig. 3). 

Magnemm — Concentrations (Fig. 3) remain constant at 100 and 27 
milliequivalents per kilo of water for the yolk and embryo respectively. 
In absolute values (Fig. 2) there is a steady loss from the larval system, the 
egg being provided with twice as much as the embryo requires. 
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Chloride — ^The curves of Fig. 2 suggest that all of the loss occurs before 
hatching, anJ that there is no later loss or gain. Hence the embryo at the 
end contains almost as much chloride as the egg had at the start. As 
regards concentration, the embryo and yolk maintain constant and very 
nearly equal values throughout, namely 56 and 60 milliequivalents per Idlo 
respectively. In a study of the trout egg as a whole, Manery and Irving 
(20) found a decline in chloride from some 60 milliequivalents per kilo of 
water in earl 3 ' stages, to 43 milliequivalents at the time of hatching, which 
is materially larger than that in the salmon. 

Phosphorus — ^Results shown are probably approximatelj^ correct for 
j'olk, but, for later embryonic values, a certain quantity of “labile organic 
phosphorus” in muscle may have been counted as inorganic P. On a test 
of a larva some time after hatching, 21 per cent of what is here called 
inorganic P turned out to be acid- and water-soluble organic P (method of 
Fiske and Subbarow (39)). Since the jmlk is acid (40), we have here 
assumed a valence of 1. In the embryo, where the cells are approximately 
neutral and the intercellular fluids alkaline (41), the valence assigned is 1.8, 
as is given for mammalian body fluids which, as Shohl (42) points out, is 
merely a convention. The larval system shows a loss of phosphorus during 
development, probably beginning before hatching (Fig. 2). As against 
our finding here, McCay and Tunison (36) report that Salvelinus fonltnalis 
takes up phosphorus during development, and even in earlj’ egg stages. 
Ihey state, however, that “it is possible that the increases in the eggs are 
due to analytical errors” and, their larval stages having been fed, the values 
are not comparable to ours. They find at the start, allowing for difference 
in egg size, only one-half as much phosphorus as we do. In the embryo, in- 
organic P increases in concentration (Fig. 3), paralleling an increase in 
calcium. The marked rise begins some time after hatching, but it is not 
clear where the extra Ca and P go, for bone has not yet formed and 
cartilage does not contain excessive quantities (43); possiblj’ calcified 
cartilage may be formed. Organic P was followed throughout development, 
showing an average value of 9.6 ± 0.7 gm. per kilo of wet weight. Ho 
concentration trend could be demonstrated. In the earliest observations 
there was, in mg. per embr>' 0 , 4 times as much organic as inorganic P, but, 
by the time the yolk had disappeared, the inorgamc P had risen to nearlj' 
twice the organic. In the yolk sac, inorganic P appears to increase in 
concentration during development (Fig. 3). If the increase is genuine, 
it presumably means that a mechanism exists in the cells surrounding 
the yolk for breaking down the protein preparatory to transfer to the 
embryo and thus for liberating phosphate. The concentration of v'olk 
organic P was found to remain at 8.8 ± 0.4 gm. per kilo of wet weight. 
This means that organic P disappears in proportion to the disappearance of 
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the yolk sac as a whole, a natural conclusion when it is remembered that 
the yolk sac (except for water) is largely protein and the organic phosphate 
is largely in the protein. In mg. per specimen, the yolk inorganic P is only 
one-fifth of the organic at the start, but, by the end, it has risen to one- 
half. 

Bicarbonate — The source of bicarbonate values for yolk in Fig. 1 has 
already been discussed. For the embryo, the celomic fluid figure has 
been used. It is assumed that the concentrations in the two phases are 
unchanged throughout development. It appears that yolk bicarbonate is 
negligible in the salmonid, as in the chick (28). Embryo bicarbonate is 
evidently a minor ion. 


SUMMARY 

Sodium, potassium, calcium, magnesium, chloride, and phosphorus have 
been estimated in celomic fluid, and followed in developing yolks and 
embryos of the salmon. In the fluid bathing the ripe eggs, sodium chloride 
is dominant, with other ions approximately in the ratios found in sea water 
or serum. In the eggs potassium dominates, but there are also large 
proportions of calcium, magnesium, and sodium. Base found greatly 
exceeds acid found, leading to the view that most of the calcium and mag- 
nesium are not osmotically active. Calculations of osmotic pressure sug- 
gest that celomic fluid is hypotonic to eggs. Upon transfer from celomic 
fluid to water, at the time of fertilization, the egg loses minor quantities 
of sodium, chloride, and calcium, lowering the osmotic pressure of the yolk 
by about 3 per cent. During development, the egg or larva takes up 
calcium and sodium from the environment, the final amounts being re- 
spectively 4 and 3 times the initial store. Losses were observed in the 
other four elements, the most marked being phosphorus. Loss of potassium 
began some time before hatching, thereby providing evidence for the 
permeability of the egg capsule. Expressed as milliequivalents per kilo of 
water, the potassium of the yolk virtually disappears; inorganic phosphorus 
shows a small gain; other ions remain constant. E.\periments continued 
until the yolk was quite gone. In the embryo, calcium and phosphorus 
concentrations increase to a marked degree, perhaps going to form the 
skeleton ; other minerals exhibit no measurable trend. 
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The smallest volume that has been used with commercial photocolori- 
meters is about 1 ml. The sensitivity and optical system of the Beckman 
spectrophotometer (model D or DU) are such that it can be readily adapted 
to volumes of the order of 50 c.mm. (0.05 ml.) without sacriScing length of 
the light path through the colored solution. With volumes of this order of 
magnitude the size of sample required is so small that it has been easily 
possible to devise methods for determining a number of substances of 
nutritional significance on a single sample of finger blood {e.g. vitamin A, 
carotene, ascorbic acid). Since it seems likely that colorimetry or spectro- 
photometrj’ on this scale may prove useful on other occasions, particularly 
with biolo^cal material, when the size of sample is limited, the means of 
adaptation is described, together with some data illustrative of the precision 
which can be expected. 

Principle 

Samples are placed in a special cuvette (Fig. 1) which has the usual 1 cm. 
light path but which has a narrow inn er width, of 2 mm. or less. 50 cjnm. 
of liquid ■will fill this cuvette to a height of about 2.5 mm., thus gi'ving a 
col umn of the sample ■with a cross-sectional area of 2 X 2.5 mm. and a 
length of 1 cm. In front of the cuvette is placed a diaphragm which 
confines the light beam to a cross-section of less than 2X2 mm. This 
slender light beam can pass through the liquid ■without touching the cuvette 
walls or the liquid meniscus. In order to obtain sufficient light intensity 
for measurements when such a small area of the photocell is used, it is 
usually necessarj’’ to uiden the spectral band employed; however, the band 
■widths used are still narrow in comparison ■with those of most other photo- 
electric spectrophotometers or photocolorimeters. AltematH'ely, the use 
of a more sensitive galvanometer permits the use of narrower spectral 
■widths than would otherwise be necessary. 

Equipment 

CitveUes — These are square cells ha^ving inner dimensions of 2 X 10 mm. 
instead of the usual 10 X 10 mm. and are only 25 mm. high (Fig. 1). 
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Except for the height, the outer dimensions are the same as those of the 
standard cuvette. The light path is 10 mm., the same as for the regular 
cuvettes; however, the cross-sectional area is greatly reduced. (These 
cuvettes may be obtained in quartz from the Pyrocell Manufacturing Com- 
pany, 207 East 84 Street, New York 28, New York.) 

Smaller cuvettes (1 X 10 mm. inner dimension) requiring 30 c.mm. of 
liquid have also been used successfully, but, since their use is a little 
more difficult, it is recommended ‘that the larger (2 mm.) cuvettes be given 
a trial before attempting to use the smaller ones. 

Diaphragm — ^Two types (A and B) have been used and both have been 
found to be satisfactory. Type A can be home-made (Fig. 1). A piece of 



Cuvette 




Piaphpagm niophrogm (lypeA) 
(«de) 



O , O 

o**Hole3 fotp precision pins •♦o 
of Beckman 


(°)o O )) 

Adjustable 

o o 


niophragm (Type'S) 


Fig. 1. Micro cuvette and diaphragms 

metal of the size and shape of a penny is used. This must just fit the open- 
ing in the instrument, which leads the light beam toward the cuvette holder. 
A 1.0 to 1.4 mm. hole is drilled through the metal disk about 1 mm. off 
center. The disk is then held in the opening with a piece of Scotch tape and 
turned until the emergent pencil of light passes exactly in the midffie be- 
tween the two waUs of the cuvette when in place in the carriage. The dislr 
is now fastened at just this angle to a very flat thin piece of sheet steel. 
This sheet is about 6 cm. wide by 9 cm, long, with a 3 or 4 mm. hole 2.5 cm. 
from one end. The disk is soldered to the sheet so that the holes coincide 
and the long axis of the sheet is perpendicular. After soldering, the top of 
the sheet is bent at a right angle to form a flange which lies on the top of the 
instnunent and keeps the sheet from turning. The cuvettes are now raised 
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on wooden blocks (Fig. 1) until the light beam just misses the bottom of 
the cuvette. (Special adjustable blocks may be obtained from the Pjto- 
cell Manfacturing Company.) As much as possible of the “plaj-” in the 
cuvette carriage assembly is taken out. The diaphragm may be inserted 
and removed by merely loosening the bolts holding the phototube housing. 
The cuvettes are ordinarily hold close to one side of the carriage by a spring 
on the opposite side. tMien used for the micro cells and when the dia- 
phragm is being adjusted, the carriage should be oriented so as to bring the 
cuvettes as near the diaphragm as possible, since the light beam spreads 
out a little after lea^ring the diaphragm, and the closer the cuvettes are to 
the diaphragm the less difference this will cause. The cuvettes are num- 
bered and always inserted in the holder with the same orientation. 

Tj-pe B, a somewhat more convenient and easily adjustable diaphragm 
attachment, may be obtained from the Pyrocell Manufacturing Company. 
The pinhole or pinholes are carried bj' a thin strip of brass (Fig. 1) which 
slides in a channel cut in a sheet of metal which is inserted in the spectro- 
photometer between the cuvette carriage assembl 3 ' and the body of the 
instrument. The sheet of metal is held in exact position by holes drilled 
through it to match the precision pins of the instrument. After the metal 
sheet is inserted, the brass strip is brought to position bj' sliding it into 
the channel in the metal sheet until the pinhole coincides with the center of 
the cuvette. A stop on the brass strip is then adjusted with a special bolt 
so that the strip maj’ alwaj'S be brought to exactlj' this same position. 
Provision is made so that either of two or three different sized pinholes maj* 
be brought into position ndthout disturbing this adjustment. "With this di- 
aphragm the cells are raised on blocks, as described above. "With the strip 
removed the instrument may be used with standard cuvettes without 
dishubing the metal sheet. 

Procedure 

Since there is usually a little “play” in the cuvette carriage, the cells 
should always be brought toward their position in front of the light from 
the same direction. If there are any traces of cement remainmg on the 
cuvette walls, these should be removed with a needle, etc. The micro 
cuvettes are used like the larger cells except that, for convenience in hand- 
ling, they are left mounted in the carriage. Samples are introduced with 
fine tipped pipettes into the bottom of the cuvettes, and the previous sam- 
ples are removed bj' suction with a fine tipped glass tube attached to a 
suction pump or aspirator bottle. If the glass tip is slender, 99 per cent 
of the previous sample may be removed, thus eliminating the need for 
rinsing the cuvettes between analj’ses of a series unless the concentrations 
are widelj’ different. 
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The 2 nun. cells require about 50 c.mm. of solution. The exact amount 
necessary should be determined by pipetting in solution until further addi- 
tion is without effect. A large cell may be used in the first position in the 
holder, which is merely for adjusting the instrument to zero for the parti- 
cular solvent or other blank being used. The small cells should give blank 
readings that differ by no more than about 0.01 on the density scale from 
the first (large) cell, and these blank readings should be reproducible to 
within 0.002 on the density scale. 


Tabi,® I 


Optical Density of Replicate Samples of Different Volumes Taken from Same Large 

Volumes 



0.04d5 mg. per cent P 

0.0186 mg. per cent P 

0.00165 mg. per cent P 

0.025 

ml. 

0.05 

ml. 

3 ml. 

0.025 

ml. 

0.05 

ml. 

3 ml. 

0.025 

ml. 

0.05 

ml. 

3 ml. 

Mg. P X 10-« 

11.6 

23.2 

1390 

4.65 

mm 

560 

1.16 

2.32 

139 

Optical density (870 

0.420 

0.423 

SI 

0.168 

0.167 

n 

0.043 

0.040 

0.042 

mp) 

0.420 

0.422 


0.166 

0.165 


0.043 

0.043 

0.043 


0.420 

0.422 


0.168 

0.166 

0.166 

0.042 

0.042 

0.042 


0.421 

0.422 

0.423 

0.167 

0.165 

0.165 

0.043 

0.045 

0.042 


0.420 



0.167 

0.167 

0.165 

0.043 

0.043 

0.042 


0.425 

0.420 

0.424 








0.422 

0.423 

0.424 








0.421 

0.421 

0.424 








0.419 

0.421 









0.422 

0.422 








Average 



0.423 

n| 

11 

0.166 



0.042 

S.D 



lIttlOEi 




lnn!iii!!! 

0.0019 

0.0005 

Variance, % 



H 

mI 

0.6 


1 

4 

1 


With the early Beckman instruments a more sensitive galvanometer has 
been found to be advantageous for use with the micro attachment. The 
meter furnished with the instrument is replaced by one with a range of 
200 microamperes. This is 5 or 10 times more sensitive than the original 
meter and has proved useful for macro as well as micro work. The sensi- 
tive meter is particularly valuable for use with the 1 mm. cuvettes or for 
measurements TOth larger cuvettes at wave-lengths at which otherwise 
insufficient light is obtained. Under these circumstances, it is sometimes 
necessary to adjust the instrument to zero at the “0.1” knob position. This 
allows the instrument to be used ■with one-tenth the ordinary amount of 
light, and, 'with the more sensitive meter, readings may be made as ac- 







































O. H. LO'WET AND O. A. BESSET 


637 


curatBly at this setting as -when the instrument is adjusted to zero -with the 
"check” position of the knob. With later instruments the original sensiti- 
vity is such that a more sensitive meter is not required. 

DISCUSSION 

Table I illustrates readings obtained at 870 mp vrith 3, 0.05, and 0.025 
ml. of solutions taken from three large volumes of inorganic phosphate 



Wavelength sq / j , 

Fig. 2. Absorption curves of phosphomolytxjous acid with 3 and 0,025 ml. volumes 

of different strengths treated to form the blue phosphomolybdous color. 
(The color rvas developed with a modified Fiske and Subbarow reagent, 
2.5 per cent ammonium molybdate, 0.6 per cent sodium bisulfite, 0.03 per 
cent sodium sulfite, and 4.5 mg. per cent of 1,4-aniinonaphtholsulfonic add 
in 1.2 N sulfuric acid, by heating 20 minutes at 100°.) 

Fig. 2 ©ves the absorption curves obtained with the strongest of the 
above phosphate solutions (0.0465 mg. per cent). One curve was obtmned 
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with 3 ml. of solution with the narrowest sUts possible. The other curve 
was made with 0.025 ml. of solution (10~® mg. of P) and necessarily a wider 
slit. The curves are so nearly superimposable that the second set of points 
was not connected in order to avoid confusion. 

Fig. 3 gives a similar set of curves made with phenylalanine in the ultra- 
violet region. This compound was chosen since its spectrum contains a 
series of very narrow absorption bands. In this case the curves obtained 



Wavelength (nyi) 

Fig. 3. Absorption curves of phenylalanine with 3, 0.05, and 0.025 ml. volumes 

with 3, 0.05, and 0.025 ml. of solution are not superimposable, since with 
the wider shts required for the small volumes some of the fine detail is 
obscured. However, the difference between the 3 ml. and the 0.05 ml. 
curves is not marked. This illustrates a limitation which should be borne 
in mind if spectra with fine structure are to be measured. This difficulty, 
of course, would not interfere with quantitalive measurements made even 
on compounds such as phenylalanine. 



O. H. LOWTIT AND O. A. BESSET 


639 


It is e-vndcnt that satisfactor3’ results may be obtained ■with the small 
volumes for both quantitative measurements and absoiption curves. 
The 2 mm. cuvettes have proved to be as convenient to use in practice as 
the larger cells. Measurements may be made even more rapidl}’ ■with the 
50 c.mm. volumes than ■with larger samples. 

Spectral curves can be made from about 235 to935m/i with spectral widths 
not exceeding 3 mu ■with 25 c.mm. volumes, and from about 225 to 1050 m;: 
■'vith spectral ■widths of not more than Sm^ ■with 50 cjnm. volumes. With 
the tj-pe of adaptation described, it does not appear possible to utilize much 
smaller volumes than 25 c.mm., since ■with stUl narrower cells the setting 
of the carriage poation would become too critical. It ■will probably be 
necessary to employ instead some other principle for adaptation to lesser 
volumes. 

It has been felt desirable to use a fixed diaphragm ■with these cells instead 
of pro^viding each cell ■with its own diaphragm which would then move ■with 
the cell. The disadvantage of such a movable diaphragm would be that a 
more refined carriage movement would be required. The light beam 
differs in brightness from point to point, as does the sensitivity of the photo- 
tube surface; hence minute differences in the point at which the carriage 
comes to rest would affect the phototube response. 

With the adaptation described it has been possible to devise methods for 
the measurement of ascorbic acid in 0.01 ml. of serum,* ■vitamin A and caro- 
tene in 0.035 to 0.06 ml. of serum,- and the ascorbic acid in the white blood 
cells and platelets of 0.1 ml. of blood.’ 

SUMMAKT 

A description is pven for the adaptation of the Beckman spectrophoto- 
meter to the performance of colorimetry and spectrophotometry on volumes 
of 0.05 ml. or less. Illustrative data and absorption curves are included. 
Thus adapted, the measurements on volumes of this order of magnitude are 
as rapid and convenient and very nearly as precise as ■with larger volumes. 

* Lowry, O. H., Lopez, J. A., and Bessey, O. A., J. Biol. Chem., 160, 609 (1345). 

’ Bessey, O. A., Lowry, O. H., and Brock, M. J., unpublished data. 

* Lowrj', O. H., Bessey, O. A., and Brock, M. J., unpublished data. 




A SPECTROPHOTOMETRIC STUDY OF THE COAIPETITION OF 
METHEMOGLOBIN AND CYTOCHROME OXIDASE FOR 
CYANIDE IN ^HTRO 


Br HARRY G. ALBAIBI, JAY" TEPPERYUN, and OSCAR BODANSKY 

{From the Biochemistry Section, Medical Dirision, Chemical Warfare Service, 
Edgexcood Arsenal, Maryland) 

(Received for publication, Febniarj' 8, 1946) 

Although the efficacy of induced methemoglobinemia in cyanide poisoning 
has been demonstrated both therapeuticall 3 ' and prophylacticallj' (1),^ the 
tissue reactions involved in the protection of animals from the lethal effects 
of the cyapide ion bj' methemoglobin are only imperfectly imderstood. 
Presumablj", cj’anide interferes vrith cellular respiration by forming a 
slightly dissociable complex with Qdochrome oxidase (2~4). Robert (5) 
first showed that methemoglobin combines with cj'anide to form cyanmethe- 
moglobin. The often reported antidotal action of methemoglobin-forming 
substances in cj'anide poisoning maj' then be regarded as a competitive 
reaction between methemoglobin and cj-tochrome oxidase for cyanide ion. 
It is the purpose of the present work to determine whether this competition 
may be demonstrated in vitro and to obtain some idea of the comparative 
dissoeiabilities of cyanmethemoglobin and cytochrome oxidase-cyanide 
complex. 


EXPEKniEXTAL 

A spectrophotometric technique based upon the rate of oxidation of re- 
duced cytochrome c was used for the measurement of cjtochrome oxidase 
activity (6, 7). Since reduced cytochrome c has a sharp absorption peak at 
5500 A, the rate of oxidation can be measured by determining the change in 
absorption of monochromatic light at that wave-length. 

Ideally, the competition of cytochrome oxidase and methemoglobin 
should be studied in a system in which the various components are present 
in known concentrations. In the present work, practically pure crystalline 
methemoglobin and a purified preparation of cytochrome c were used. No 
pmified preparation of cytochrome oxidase was available. A very dilute 
homogenate of brain was used as the source of cytochrome oxidase. 

Adult male rats, weighing about 300 gm., were decapitated and the brains 
quickly removed. In each e.xperiment, the brain was rapidly weighed on a 
torsion balance, transferred to a Waring blendor, and enough iced distilled 
water added to yield a 2 per cent homogenate. The tissue was homogenized 

* Jandorf,B. J., andBodansky.O., J’.Irui.Hyy. arui Toxicol., in press. 
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for 2 minutes, after which it was strained through several layers of surgical 
gauze to remove gross particles. This stock homogenate was kept refriger- 
ated at all tunes. For any experiment, 5.0 ml. of the stock homogenate 
were pipetted into a tube. Water or a solution of sodium cyanide was 
added to a final volume of 10.0 ml. ; 0.04 or 0.05 ml. of this diluted homoge- 
nate was used in each run. The cyanide stock solution prepared from 
sodium cyanide was made up in a concentration of 0.01 M and checked for 
cyanide content at various intervals by silver chloride titration. 

Cytochrome oxidase activity was measured in the Beckman spectropho- 
tometer at 5500 A, and a nominal slit width of 1.9 m/i. At this wave- 
length, reduced cytochrome has a sharp absorption maximum. As the re- 
duced cytochrome is oxidized, the density decreases; the rate of decrease is 
a measure of the oxidase activity. Oxidized cytochrome itself shows some 
absorption at 5500 A, so that the observed values really measure the de- 
crease in density due to the disappearance of reduced c 3 d;ochrome as well 
as a slight increase due to the acciunulation of oxidized cytochrome. If the 
initial concentration of cytochrome is known, as well as the absorption 
coefficients of reduced and oxidized C3rtochrome, it is possible from the ob- 
served values to calculate the concentrations of either component at any 
time. The fundamental equations have been derived by Haas, Horecker, 
and Hogness (6), and by Altschul, Abrams, and Hogness (7), and were used 
in the present paper to calculate the rate of disappearance of the reduced 
cytochrome. The reaction velocities are ex'pressed in terms of the mono- 
molecular reaction constants. 

Cytochrome c was prepared from beef heart, according to the method of 
Keilin'and Hartree (8); crystalline methemoglobin, used in many of the 
experiments to be described, was prepared from guinea pig blood, according 
to the method of Warburg and Reid (9). From one sample of blood (ap- 
proximately 30 ml.), tw'o harvests of crystals were obtained. The first 
assayed 99.2 per cent methemoglobin of the total pigment, the second 95.0 
per cent methemoglobin of the total pigment. 

For any day's experiments, a solution containing cytochrome c and a con- 
centration of phosphate buffer that wmuld give a concentration of 0.01 M and 
a pH of 7.4 in the final reaction mixture was used. The cytochrome c was 
completely reduced with several crj’-stals of dry sodium hydrosulfite, the 
excess hydrosulfite oxidized by aeration, and enough water added to give a 
volume of 2.95 or 2.9G ml. The density was then read at 5500 A, after 
which 0.05 or 0.04 ml., respectively, of the diluted homogenate w^as added; 
the contents of the vessel were mixed and timed readings taken, beginning 1 
minute after the addition of the enzyme and continuing at 30 second inter- 
vals for from 3 to 8 minutes. Correction was made for the slight initial 
increase in density due to the turbidity of the enzyme source by measuring 
the turbidity of the homogenate in distilled water. 
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In the experiments in ■which the effect of methemoglobin on the effect of 
cyanide inhibition ■was studied, a methemoglobin solution ■was substituted 
for an equal volume of •water. AH final volumes were, therefore, maintained 
at 3.0 ml. Alethemoglobin itself absorbs at 5500 A, so that, in those experi- 
ments in wWch it was used, the observed densities were corrected before the 
changes in cytochrome c concentration were calculated. In several experi- 
ments, preformed cyanmethemoglobin was used. This was prepared by 
reaction of methemoglobin and cyanide in amounts equivalent to those 
present in the final reaction mixture to which these substances were added 
separately. All cyanide concentrations indicated in the text are final con- 
centrations in the reaction mixtures. 

Smee the Beckman spectrophotometer has no mechanism for keeping the 
reaction vessels at constant temperature, temperatures of the reaction mix- 
ture ■were recorded at the end of each determination. Within any series of 
experiments on the same day the variation was never greater than 1.5°. 

Residts 

Fig. 1 sho^ws the typical effects of cyanide ion on the rate of oxidation of 
^ cytochrome c by cytochrome oxidase, as well as the effect of methemo^obin 
on the activity of the enddase partially inhibited by cyanide. The lo^west 
curve shows that a concentration of 3.26 X 10~* m cyanide decreased the 
reaction velocity constant 85 p>er cent. The presence of 1.32 X 10“* M 
methemoglobin (calculated on the basis of a molecular wei^t of 17,000 for 
methemo^obin) in the cyanide-inhibited system (hd not affect the rates for 
the first 2 minutes of the reaction; thereafter, the rate increased so that the 
inhibition, as judged by the reaction velocity constant, was 77 per cent of 
the activity of the control system. This indicated that methemoglobin 
reversed cyanide inhibition. 

Kg. 1 also shows that an amount of cyanmethemoglobin present, equiva- 
lent to 1.32 X 10“* M methemo^obin, had no initial effect on the activity 
of the oxidase. However, ^ter 2 minutes, the rate of oxidation began to 
decrease; the final rate of oxidation represented a 79 j)er cent inhibition of 
the control rate. 

Table -I sho^ws that 1.32 X 10“* m methemoglobin restored a cyanide- 
inhibited system from 24 to 35 per cent of the original acti^vity , ■whereas 2.64 
X 10“* M restored it to 50 per cent and 3.96 X 10“* ii to 77 per cent of the 
original activity. It was not possible to study hi^er concentrations be- 
cause of increased density of the solutions and the limitations of the instru- 
ment. Control experiments carried out simultaneoudy diowed that the 
corresponding amounts of methemo^obin did not affect the rates of oxida- 
tion of cytochrome c by cytochrome oxidase in the absence of cj’amde. 

In the experiment described in Table I, the oxidase content and cyanide 
concentrations were kept constant and the methemo^obin concentration 
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varied, in the series of experiments sho\vn in Fig. 2, the oxidase and 
methemoglobin levels were maintained constant and the cyanide concentra- 
tions were varied. Throughout the range of cyanide concentrations 
between approximately 5 X 10“® m and 1 X 10.~® m, 1.32 X 10~^ m methe- 
moglobin produced the same degree of reversal of inhibition, approximately 



Fig. 1. The effect of methemoglobin, cyanide, and cyanmethemoglobin on brain 
cytochrome oxidase activity. The final reaction mixture had a volume of 3.0 ml. and 
contained 0.05 ml. of 1 per cent brain homogenate, 3.75 X 10 ~' m cytochrome, and 
0.01 M phosphate buffer, pH 7.4. O shows the reaction without any additions; O, 
the effect of 3.26 X 10"‘ m cyanide; X, the effect of 1.32 X 10“' m methemoglobin in 
the presence of 3.26 X 10’« m cyanide; • shows the effect of 1.32 X 10“' m preformed 
cyanmethemoglobin on the reaction in the absence of added cyanide. The figures 
in per cent represent the degree of inhibition. 

10 per cent of the original activity. In other words, in the presence of this 
amount of methemoglobin, approximately 5 times as much cyanide was 
required to produce a given degree of inhibition as in the absence of methe- 
moglobin. Thus, 50 per cent inhibition was produced by 2 X 10~® m 
cyanide while, in the presence of 1.32 X lO'^ m methemoglobin solution, the 
same inhibition was produced by 8.9 X 10"® m cyanide. 




Fig. 2. The effect of varying amounts of cyanide on the activity of brain cyto- 
chrome ojddaae in the presence and absence of methemoglohin. The fi n al reaction 
mixture had a volume of 3.0 ml. and contained 0.04 ml. of 1 per cent brain homogenate, 
2305 X lO"* M cytochrome, 0 01 u phosphate buffer, pH 7.4. O shows the effect 
of varying concentrations of cyanide. A, the effect of the same concentrations of 
cyanide in the presence of 132 X 10"‘ M methemoglohin. 

Table I 

Effect of Varying Amounts of Methemoglobin on Cyanide Inhibitigyi of Brain 
Cytochrome Oxidase Activity 


The final reaction mixture bad a volume of 3.0 ml. and contained 0.05 ml. of a 1 
per cent brain homogenate (100 y dry weight of tissue), 0.01 u phosphate buffer 
pH 7.4, and 2.69 X 10“‘ M cytochrome. 


CcQpoiitioQ of reictioQ nuxtoie 

Heictico vdoa^ 

Cytochrome c + brain homogenate 

K* ! 

0.240 


" “ + “ “ -H.13X 10-* M cyanide 

0 057 


" '• + “ “ + cyanide + 1.32 X 10-«M 


■■ 

methemoglohin 

0.0S5 


Cytochrome c + brain homogenate + cyanide + 2.64 X 10"* m 


■M 

methemoglobin 

0.120 


Cytochrome c + brain homogenate + cyanide + 3.96 X 10"* m 



methemoglobin . 

0.185 

77 


* Monomolecular reaction constant calculated as in Fig. 1 after it had attained a 
constant maximal value. 
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DISCUSSION 

In none of the experiments described was more than 0.05 ml. of a 1 per 
cent brain homogenate used as a source of enzyme. This quantity in no 
case corresponded to more than 120 y of dry tissue, of which only a small 
part is cytochrome oxidase. This conclusion is based on the observation 
that such homogenates have been shown to contain varying quantities of 
numerous enzymes found in animal tissues. Since no pure cytochrome 
oxidase preparations were available from which to make molecular weight 
calculations, it is very difficult to know precisely how much oxidase com- 
petes with a known amount of methemoglobin for available cyanide. 

However, an estimate of the competition between methemoglobin and 
cytochrome oxidase for the cyanide ion may be obtained in the follo^ving 
way. On the assumptions that in the incompletely inhibited enzyme sys- 
tem practically all of the cyanide ion is combined, that the concentration of 
the free cyanide ion is negligible, and that cyanide combines mole for mole 
with the oxidase iron, the total amount of oxidase in terms of moles of iron 
may be estimated from the cyanide concentration. Tor example, at 1 X 
lO"® M cyamde, 76 per cent of the oxidase is inactivated; the order of magni- 
tude of oxidase iron would be 100/76 XIX 10"®, or approximately 1.3 X 
10"® M. In the experiments recorded in Table I, the methemoglobin con- 
centrations ranged from 1.32 to 3.96 X 10"® m methemoglobin. At a 
methemoglobin-cytochrome oxidase ratio of 10 : 1, 11 per cent of the original 
activity was restored. At ratios of 20: 1 and 30 : 1, 26 to 49 per cent of the 
original activities were restored. These results suggest that the cytochrome 
oxidase-cyanide complex is less dissociable than the cyanmethemoglobin. 
Moreover, as has been shown in this work (Fig. 1), cyanmethemoglobin, 
added to a c^ochrome-cy'tochrome oxidase system, apparently dissociates 
sufficiently so that the resultant cyanide ions can inhibit cyi;ochrome oxidase 
activity. 

In vivo, when methemoglobinemia is induced, either prophylacticall}’’ or 
therapeutically, to counteract the effects of cyanide ion, the latter may be 
considered to participate in the three following reactions: 

CN“ -f- cytochrome oxidase cytochrome oxidase cyanide (1) 

CN" -J- methemoglobin cyanmethemoglobin (2) 

CN“ -f- S compounds ^ CNS" (3) 

When methemoglobinemia is induced prophylactically (i.e. before cyanide 
is administered), Reaction 2 takes place in the blood stream and the amount 
of cyanide ion reaching the tissues is greatly decreased. When methemo- 
globinemia is induced after administration of C 3 'anide and a therapeutic 
result is obtained, it maj' be assumed that methemoglobin has combined 
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■with enough cj’anide to cause Reaction 1 to shift to the left and liberate 
suEBcient free cj'tochrome oxidase to permit tissue respiration to be re- 
sumed. Reaction 3 represents a path'way for the conversion of free cyanide 
ion to the non-toxic thiocyanate. It has been shown that administered 
ejanide is excreted almost completely in the xirine as thioexanate (10). 

smntAHT 

1. Experiments have been performed on the in vitro competition between 
methemoglobin and cj'tochrome oxidase in brain homogenates for cyanide 
ion. 

2. It is sho'wn that methemoglobin can reverse the cyanide inhibition of 
cytochrome oxidase acth’ity. The extent of the reversal ■was studied at 
varying concentrations of methemoglobin and cyanide. It is shown that 
in a suitable in vitro system preformed cyanmethemoglobin dissociates to 
give sufficient free cyanide ion to combine with cytochrome oxidase. 

3. The in vivo implications of the above observations are discussed 
briefly. 
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OBSERVATIONS ON ^TTAMIN B, CONJUGASE FROM 
HOG KIDNEY 


By 0. D. BIRD, ^URY ROBBINS, 3. M. VANDENBELT, aitd J. J. 

PFIFFNEB 

{From Ihe Research Laboratories of Parke, Davis and Company, Detroit) 
(Received for publication, February 13, 1946) 

Some time ago we called attention to the wide-spread occurrence in 
nature of an enzyme which releases vitamin Be from a’ microbiologically 
inactive form (1). In work designed to characterize the enzyme in hog 
kidney through a study of this reaction itbecame apparent that the kinetics 
of the reaction were very markedly influenced by the purity of the sub- 
strate. "With the isolation of vitamin Be conjugate in crystalline form from 
yeast (2) the opportunity presented itself to examine the reaction with the 
pure conjugate as substrate. In this paper we present the results of the 
study along with a summary of our earlier observations on the distribution 
and properties of the enzyme. Our earlier observations were of necessity 
made with crude or partially purified substrates. In the light of later 
results obtained with the pure conjugate as substrate these earlier results 
are considered to have a more qualitative than quantitative significance. 

While tlus work was in progress Mims, Totter, and Day (3) reported the 
occurrence of an enzyme in rat liver which formed a Streptococcus faecalis- 
stimulating factor from a microbiologically inactive precursor in yeast. 
Laskowski, Mims, and Day (4) noted the wide-spread distribution of the 
enzyme in the tissues of the rat, dog, hog, rabbit, chicken, and ox. They 
observed that chicken pancreas was an rmusually rich source of the enzyme 
and devised a method for its purification. Their purified enzyme from 
chicken pancreas was found to form vitamin Be from partially purified 
vitamin B^ conjugate (1, 4). Recently these workers have further purified 
the enzyme from chicken pancreas and studied its kinetics on a partially 
pmified substrate (5). In the course of our study we have found some 
differences in the behavior of the enzyme from chicken pancreas and hog 
kidney toward vitamin Be conjugate, which are reported below. 

EXPERIMENTAL 

Ihisiritmiion of Vitamin Be Conjvgase — In the earlier phases of the work a 
partially purified concentrate of vitamin Be conjugate prepared from yeast 
extract was used as an enzyme substrate. This concentrate contained 13 
mg. of vitamin Be per gm. of solids, as determined by assay with Strepto- 
coccus faecalis after a 16 hour incubation at 45“ with excess of vita m in Be 
conjugase. 
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Typical experiments wth this partially purified substrate were carried 
out as follows: Amounts of the substrate equivalent to approximately 80 y 
of vitamin Be, combined as conjugate, were transferred to test-tubes and 
5 cc. of 0.1 M acetate buffer at pH 4.5 or 0.1 m phosphate buffer at pH 7.0 
were added. Each tissue under investigation, which was finely minced 
either "with a Waring blendor or a Potter-El vehjem homogenizer (6) and 
mixed with 3 to 4 volumes of water, was then added and the volume made 
up to 10 cc. Avith distilled water. The tubes were incubated in a water 
bath at 45°. At proper intervals the contents of each tube were mixed, 
and a 1 cc. portion withdrawn and transferred to another test-tube marked 
at 10 cc. This was heated 3 minutes in a boiling water bath, cooled, and 
diluted to 10 cc. with distilled water. After all the samples for a given 


Table I 

Vitamin Be Conjugase Activity of Various Tissues Measured at Two pH Levels 


1 

Enzyme source * 

Vitninin Be reletsed per hr. per gm. tissue 

pH4.S 

pH 7.0 

Chicken pancreas 

y 

<400 

y 

14,880 

Turkey *' 

<1000 

14,000 

Rat pancreas 

3680 

1,430 

Mouse pancreas 

930 

310 

Hog liver 

420 

<10 

Chicken liver 

240 

<50 

Hog kidney 

240 

<13 

“ pancreas 

190 

0 

Guinea pig pancreas 

58 

<7 

Defatted almond meal 

50 

6.5 

Beef red bone marrow 

<20 

<20 

** pancreas 

<15 

<5 


experiment were collected in this way, they were assayed for vitamin B* 
by the method previously described (7), except that Streptococcus faecalis 
was used and the incubation time was 18 hours at 37°. 

In Table I are shovm the comparative potencies of various tissues in- 
vestigated as sources of conjugase. The amount of tissue added to each 
tube during incubation with the substrate was determined by preliminary 
experiment so that the amount of vitamin Be released per hour was con- 
stant over a period of at least 2 hours. Potencies were evaluated in terms 
of the amount of vitamin Be released per hour per gm. of tissue. All in- 
cubations were carried out both at pH 4.5 and 7.0. A few tissues, includ- 
ing chicken pancreas and hog kidney, were incubated with the substrate 
at several other pH levels also. Chicken and turkey pancreas proved to 
be the most potent sources of conjugase. Their optimum activity was 
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approximately pH 7.0, whereas all other sources investigated had their 
optimum at approximately pH 4.5. Hog kidney was chosen as a source of 
conjugase for this study, since it was fairly active and available in large 
quantities. 

Fradimalion Experiments and Dcscriplion of Conjugase Preparation — 
Hog kidney conjugase remained stable during autolysis at the natural pH 
of the tissue. This made the preparation of a clear water extract easier 
and was the basis for the preparation of a water-soluble conjugase fraction 
preidously described (1). However, there was a great loss of activity 
involved in any fractionation procedure attempted. 

Approximately half the conjugase acthnty of fresh hog kidney was lost 
when it was ground and desiccated with acetone. The acetone-desiccated 
tissue retained its remaining activity over long periods at room temperature. 
When water extracts of fresh kidney were dried from the frozen state, they 
retained their acthdty but soon lost it on standing at room temperature. 
They were quite stable in the refrigerator. One such preparation lost 74 
per cent of its actmtj* in 16 days at room temperature, but only 13 per cent 
in a month at refrigerator temperature. \MioIe kidney tissue or water 
extracts of kidney retained fid! conjugase actirity for at least 5 to 6 months 
when maintained in the frozen state. 

Less than half the conjugase activity of desiccated hog kidney could be 
e.xtracted by water or phosphate buffers ranging in pH from 4.5 to 7.5. 
The best pH for extraction was 7.0. Physiological salt solution was better 
than distilled water for extraction of the enzjTne but higher concentrations 
of sodium chloride were not as good. Clarified water extracts of fresh 
kidney tissue retained about three-fourths of the enzjTne acti'vity that 
could be demonstrated for a water suspension of the whole tissue. 

The fraction precipitated from a water extract of kidney by ammonium 
sulfate at 40 per cent saturation contained about the same amount of 
conjugase activity as the fraction soluble at that concentration but in- 
soluble at 80 per cent saturation. However, the latter fraction was about 
twice as active as the former in terms of its nitrogen content. The actnitj' 
of both these fractions amounted to only 38 per cent of the aetbity of the 
original extract. These ammonium sulfate precipitates, or a water extract 
of kidney, lost at least 75 per cent of their conjugase activity when dialyzed 
overmght against running water. After isoelectric precipitation of a water 
extract of kidney at pH 4.2 to 4.5, both the soluble and insoluble fractions 
contained approximately equal amounts of activity but the total activity 
of both fractions measured separatelj' did not equal the activitj* of the 
original extract.- Both fractions were beat-labile. Acetone at 40 per cent 
concentration precipitated all the activity of a water extract of kidney but 
there was no significant purification. 
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In view of these findings concerning the loss of activity with fractiona- 
tion, the reduced stability of purified fractions, and the lack of uniform 
potency of the products, the conjugate preparation used in the studies to 
be reported here was prepared by the following simple procedure. A 
fresh hog kidney was trimmed of fat, sliced, and ground in a Waring blender 
with the addition of 3 cc. of water per gm. of kidney. The resulting sus- 
pension was centrifuged at 5000 h.p.m. and the supernatant solution filtered 
through a bed of Super-Cel. The filtrate was dispensed in test-tubes, 
frozen solid, and kept in a dry ice chest until used. This clarified water 
extract of fresh hog kidney is what is referred to throughout the balance of 
this paper as the conjugase preparation. It has the advantage of being 
highly active, it is stable when kept frozen, and it possesses a low blank. 1 
cc. of this preparation, which was sufficient to release at least 2 7 of vitamin 


Table II 

Inhibiiive Effect of Crude Yeast Extraet on Aetivity of 
Vitamin Be Conjugase 


Substrate 

Amount of enzytoe 

Vitamin Be released per hr. 
per cc. enzyme 


cc* 

y 

1 CO. purified vitamin Be conjugate from 
yeast 

0.2 

28.2 

2 gm. Difeo yeast extract 

2.8 

0.3 

0.6 cc. purified Adtamin Be conjugate 
from yeast plus 1 gm. Difeo yeast 
extract 

2.8 

1 

2.0 


Be from a crude yeast extract under the routine digestion procedure, as- 
sayed only 0.005 7 of vitamin Be when digested alone TOthout substrate. 

Early experiments ■with this conjugase preparation indicated a rather 
broad temperature optimum at 45-48°. The studies made Avith partially 
purified substrate were carried out Avith an incubation temperature of 45°. 
Routine overnight digestions AAith the enzyme for the purpose of releasing a 
maximum of activity Avere carried out in an air incubator at 45°. When 
crystalline conjugate AAms used as a substrate, incubations were carried out 
at 37° in a constant temperature water bath unless otherAvise indicated. 

Inhibitors of Vitamin Be Conjugase in Yeast Extracts — ^In earlier studies 
it was observed that a given preparation of conjugase would release more 
Autamin Be in unit time from some substrates than from others. Crude 
yeast extracts were particularly refractory to the action of the enzymes, 
while purified concentrates were acted upon more readily. In Table II 
are shoAvn the amounts of vitamin Be released from a purified Aotamin Be 
conjugate preparation and from Difeo yeast extract. 0.2 cc. of the enzyme 
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preparation released 28.2 y of vitamin Bt from the purified concentrate in 1 
hour, while a much larger amount of conjugase released only 0.3 y of vita- 
min Be from Difco j'east extract. When the substrate consisted of a mix- 
ture of these two materials, only a relatively small amount of vitamin Be 
was released bj' a large amount of the enzyme. This suggested the presence 
of a substance or substances in Difco yeast e.xtract which inhibited the 
action of the enzyme. 

Further evidence for the existence of a conjugase inhibitor in yeast ex- 
tract is presented in Table III. Data are shown representing vitamin Be 
released per hour per cc. of conjugase preparation from substrates of differ- 
ent d^rees of purity, ran^g from a water extract of plasmolyzed brewers’ 
yeast, which was the starting material, to crystalline vitamin Be conjugate. 
It will be noted that over 100 times more conjugase were required to release 


Tabix ni 

Effect of Purity of Suhsirale on Action of Vitamin B, Conjuyase 


SaapU 

Ko. 

Sabstnte 

Vituain 
Be per 
gn. 

substrate* 

sample 

Artonnt 

of 

eaiytae 

tjied 

VIummEf 
released 
per hr. 
percc. 
eaxyiae 

3S843 

Yeast extract 

j 

Si 

nt. 

1000 

cc. 

4 

y 

1.0 

96185 

“ Ck)ncentrate A 

366 

360 

3.6 

2.25 

90515 

“ “ B 

1,250 

44 

0.4 

9.4 

E0004 

.1 II Q 

13,000 

6 

0.16 

36 

91965 

Crystalline vitamin B. conjugate 

[365,000 

0.11 


139 


* As measxired by assay with Streptococcus faecalis after a 16 hour incubation at 
45° with excess of enzyme, except Sample 91965. 


1 7 of vitamin Be from yeast extract than from crystalline vitamin Be 
conjugate. 

Experiments with Crystalline Vitamin Be Conjugate As Substrate — Most 
of these experiments were carried out on a smaller scale than those above. 
Digestion mixtures had a total volume of I or 2 cc. Unless otherwise 
indicated, the digestions were carried out in 0.05 si acetate buffer at pH 4.5. 

The effect of pH on the action of conjugase from hog kidney and chicken 
pancreas, when crystalline conjugate was used as substrate, is shown in 
Re- 1. 11.2 y amounts of the conjugate were incubated with 6.5 mg. of 
hog kidney and 0.1 mg. of chicken pancreas, respectively, in 1 cc. volumes 
of 0.05 SI buffer for 1 hour over the pH ranges shown. Acetate buffer was 
Used below pH 4.5, phosphate buffer above. It was found that phosphate 
and acetate buffers gave identical results at pH 4.5. 

After incubation the contents of the tubes were heated in boiling water. 
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diluted to 10 cc., and assayed. The optimum pH for hog kidney was 4.3 
to 4.5, while for chicken pancreas it was 7.0 to 7.5. In other experiments 
it was found that these same pH optima also held for hog kidney and 
chicken pancreas when the substrates were crude yeast extract or a partially 
purified concentrate of vitamin Be conjugate obtained from yeast ex'tract. 
The pH optimum of 7.0 to 7.5 found for chicken pancreas confirms the 
optimum observed by Laskowski ct al. (4), but not the value of pH 5.4 
reported by Burklrolder ct al. (8). 

The result of hog kidney conjugase acting upon an excess of pure vitamin 
Be conjugate is indicated in Fig. 2. The response with time was linear, 
within the error of the microbiological assay, over a 4 hour time interval. 



Fig. 1. Reaction velocity of hog kidney conjugase and chicken pancreas conju- 
gase as a function of pH. Each tube for establishing the hog kidney conjugase curve 
contained 10 mg. of hog kidney and 112 y of crystalline vitamin Be conjugate in 10 
cc. For the chicken pancreas curve each tube contained 2 mg. of pancreas and 11.2 
y of crystalline conjugate in 1 ec. Incubation was at 37°. 

Longer periods were not studied. In Fig. 3 is shown the effect of increasing 
concentrations of conjugase upon the amount of vitamin Be released from a 
constant amount of substrate. It will be noted that beyond the point 
where approximately 0.2 y of vitamin Be per cc. per hour was released the 
rate of liberation per unit volume of enzj'me solution was fairly constant. 

The data in Fig. 4 indicate the velocity of the action of hog kidney con- 
jugase as a function of substrate concentration. Increasing amounts of 
crystalline vitamin Be conjugate, ranging from 2.8 y (equivalent to 1 y of 
free vitamin Be) to 16.8 y per tube were incubated in the presence of 4 c.mm. 
of the conjugase preparation. Half maximum veIocit 3 ’- of the reaction 
was reached at a concentration of approximately 4.5 y of vitamin Be con- 
jugate per cc. of enzyme solution. 
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Definition of Conjugasc Unit — ^The results of the above experiments on 
the action of conjugase on a substrate of crj’stalline conjugate suggested 
the definition of a unit of conjugase acthdtj-. A unit of activity, as applied 



^ Flo. 2. Relationship of formation of vitamin B, to total reaction time. The reac- 
tion mixture contained 224 y of crystalline vitamin B, conjugate and 40 c. mm . of hog 
Iddney conjugase preparation in a volume of 10 cc. Incubation was at 37°. 



Fig. 3, Relationship of rate of formation of vit amin B* to concentration of hog 
kidney conjugase. The reaction mixture contained 2.8 y of crystalline vitamin B, 
conjugate per cc. and was incubated at 37°. 

to the conjugase present in hog Iddney or other tissues containing conjugase 
having a pH optimum at 4.5, is that amount of enzyme which produces 1 y 
of vitamin Be from crystalline conjugate in 1 hour under the following 
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conditions. The reaction mixture should contain an amount of crystalline 
vitamin Be conjugate equivalent to 1 y of vitamin B* per cc., and a concen- 
tration of conjugase such that 0.2 to 0.8 7 of vitamin B* will be released 
when incubated 1 hour at 37° in 0.05 M buffer at pH 4.5. The conjugase 
preparation described above and used in these studies contained 150 to 200 
of these units per cc. 

Complete Enzymatic Release of Vitamin Be from Its Conjugate — The 
specific ultraviolet absorption properties of crystalline vitamin Be conjugate 
indicated that approximately 36 per cent of the conjugate molecule con- 
sisted of vitamin Be (2). Before digestion with conjugase pure vitamin B, 
conjugate was found to have only a negligible growth effect on Lactobacillus 



Fig. 4. Reaction velocity of hog kidney conjugaBe ns a function of substrate con- 
centration. Each reaction tube contained 0.4 c.mm. of hog kidney conjugase prep- 
aration per cc. and was incubated at 37®. 

cosei and Slreptococcus faecalis ( 2 ). Its utilization as a growth factor by 
these two organisms is discussed in the following paper ( 9 ). 

It was of interest therefore to determine whether enzyme treatment of 
the pure conjugate would release an amount of vitamin B,. comparable to 
that indicated from spectrophotometric examination. A number of pure 
specimens were examined by both methods. The data are presented in 
Table IV. 

Enzymatic microbiological assay of these pure preparations consisted, 
first, of diluting the conjugate solution to an estimated concentration 
(based on spectrophotometric assay) of 2 7 of vitamin Be per cc. To 1 cc. 
of this dilution were added 1 cc. of the conjugase preparation (150 to 200 
units) and 5 cc. of 0.1 m acetate buffer at pH 4.5. After addition of a few 
drops of toluene the mixture was incubated 16 hours at 45° in an air incu- 
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bator, adjusted to pH 7.0 by the addition of N NaOH, diluted to 10 cc., 
autoclaved briefly, and assayed for vitamin B^, as indicated previously. 
The spectropbotometric values reported in Table IV •were determined from 
the extinction coefficients of crystalline vitamin Be conjugate (2). 

It ivill be noted that a large excess of conjugase was used in releasing 
vitanun Be from these conjugate preparations, much larger, in fact, than 
would he calculated to be necessary. The correlation between micro- 
biological and spectropbotometric measurements is good in all cases but 
one. No explanation is apparent for this failure. Although some prepa- 
rations of pure conjugate have been converted completely to free vitamin 

Table IV 

Microbioloffical Atsai/ of Crystalline Vitamin Be Conjugate Preparations Following 
Treatment with Hog Kidney Conjugase; Comparison with Spectrophotomeiric 
Determinations 


Saaple Ko. 

Mtamin Br per cc. 

Spectropiiotomctric* 

[ Mtcrobiolosical assay after eneyme treateentt 

Lact^ciillus e&sti 

StTtpicceccusfitcelU 


7 

T 

7 

515 

16 

13.3 

15 

655 

8 

6.0 


701 

32 

23 



17 

15 


795 

12.5 

10.3 

9.7 

91965 

40 

38 


1272 

13 

13 


1291 

39 

38.5 

37 


^ .estimated from the specific ultraviolet absorption properties of crystalline 
vitamin Be conjugate (2). 

t Incubated with hog kidney conjugase and assayed according to a previously 
reported method (7). 

Be with only a small excess of conjugase, others have required a huge excess 
to accomplish the conversion, which even then was not always complete. 

DISCUSSION 

It seems remarkable that of the tissues examined as sources of vitamin Be 
conjugase all had pH optima at approximately 4.5, except chicken and 
turkey pancreas whose optima were at pH 7.0 to 7.5. Since the pH opti- 
mum for chicken pancreas was unaffected by the purity of substrate used, 
it seems probable that a different conjugase is present in chicken pancreas, 
und perhaps the pancreas of other fowl, than is found in the organs of 

mammals. 
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The demonstration of the presence of inhibitors for vitamin Be conjugase 
in crude yeast extracts and the fact that they are not readily eliminated 
during fractionation of these extracts indicate the possibilities of error in 
using a crude substrate to measure ensyme concentration. Since crude 
substrates such as yeast extracts or fractions prepared from them vary 
widely in their inhibitor content, the advantage of using the pure, crystal- 
line vitamin Be conjugate as a substrate in standardizing the enzyme prepa- 
rations is apparent. 

Mims and Laskowski (5) have mentioned the possible occurrence of a 
coenzyme for vitamin B* conjugase from chicken pancreas. In view of the 
loss of activity foUovdng precipitation with ammonium suKate, dialysis, 
and other fractionation procedures, it seems likely that there also exists in 
hog kidney a coenzyme or enzyme activator for conjugase from this source. 
A frequently noted characteristic of this enzyme reaction has been its 
failure to go uniformly to completion, perhaps again indieating the im- 
portance of some coenzyme or enzyme activator. However, experiments 
designed to demonstrate the existence of a coenzyme or enzyme activator 
for hog kidney conjugase have thus far yielded only negative results. 
Mims and Laskowski (5) have indicated that the calcium ion serves as an 
activator for chicken pancreas conjugase but we have been unable to 
activate dialyzed hog kidney conjugase with calcium ion. 

STTMMABY 

The distribution of vitamin Be conjugase in a number of tissues has been 
studied, with a partially purified preparation of vitamin Be conjugate as 
substrate. All the sources exhibited a pH optimum at approximately 4.5 
except chicken and turkey pancreas, which had an optimum at pH 7.0 
to 7.5. 

The presence in yeast extract of a strong inhibitor for vitamin Be conju- 
gase has been demonstrated. This inhibitor was gradually removed during 
fractionation of yeast extract in the preparation of pure conjugate. 

The reaction of hog kidney conjugase has been studied with crystalline 
vitamin Be conjugate as substrate. A unit of conjugase activity has been 
defined, based on the amount of pure conjugate split by the enzyme in 
unit time under specific conditions. 

A comparison is made of the vitamin Be content of several preparations 
of crystalline vitamin Be conjugate as determined spectrophotometrically 
and by microbiological assay following treatment with hog kidney 
conjugase. 
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THE RESPONSE OF LACTOBACILLUS CASEI AND 
STKEPTOCOCCUS FAECALIS TO ^UTAFUN 
B. AND ^UTAMIN B, CONJUGATE 

Bt O. D. bird Ain> MARY ROBBINS 
[From the Research Lahoratories of Parke, Doris and Company, Detroit) 
(Received for publication, February 13, 1946) 

Our earlier attempts to assay natural products, such as extracts of yeast 
and liver, for uncombined vitamin Bt by the Laclohacillus casei method 
recently described (1) led to inconsistent results. The potency values 
calculated for individual assay tubes increased markedly with each in- 
crease in amount of assay material added. When the turbidity readings 
for tubes containing these natural products were plotted against dosages, 
an exaggerated S-shaped curve resulted, compared to the typical parabolic 
curve obtained for cr 3 'stalline vitamin Be, or concentrates of vitamin Be. 
These irregularities in assay results were particularly noticeable in a study 
of hog kidney conjugase, reported in the preceding paper (2), when an 
attempt was made to use Lactobacillus casei in assaying natural materials 
in which the vitamin Be conjugate had been only partiaUy converted to 
vitamin Be by conjugase action. 

We tried to explain this difficulty on the basis of inadequacy of the assay 
medium. Teply and Elvehjem (3) apparently noticed a similar phenom- 
enon and attempted to improve the assay procedure by introducing a new 
medium which included norit-treated peptone as a stimulatory factor. 
However, we were unsuccessful in modifying the medium so as to obtain 
SBsays without a drift in potency values when calculated over a major part 
of the standard curve. Assays in which natural products were first treated 
with enzyme to release the vitamin Be from its conjugate did not give this 
abnormal response curve, and at first we attributed this difi'erence to the 
presence in these materials of an unrecognized growth stimulant for Lacto- 
bacillus casei whose effect was lost in the greater dilution necessary in 
assaj-ing the enzyme-treated samples. Recently, when vitamin Be con- 
jugate Was isolated in crystalline form (4), an opportunity was provided 
for determining whether or not this abnormal response was due to a supple- 
mentary stimulating factor. 


EXPERIMENTAl 

The assay procedure and method of treating samples with a conjugase 
preparation to liberate vitamin Be from its conjugate were those recently 
described (1). The conjugase preparation used was a clarified water 
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extract of fresh hog kidney which was kept frozen in test-tubes until used. 
When Streptococcus faccalis was used as the test organism, the medium 
was the same but the incubation period was reduced to 18 hours. 

T3npical dosage-response curves for crystalline vitamin Be, crystalline 
vitamin Br conjugate,* yeast extract, and liver extract are shown in Fig. 1, 



Fiq, 1. Response of Laslobacillus cosef to materials containing vitamin B. conju- 
gate before enzyme treatment. 


These curves indicate the abnormal response of Lactobacillus casei to crude 
materials containing a mixture of free and conjugated vitamin B*, and to 
crystalline vitamin Be conjugate. Divergence from the standard curve is 
particularly striking in the case of both yeast extract and crystalline vitamin 
Be conjugate. This is illustrated in the first part of Table I, where po- 

> Kindly supplied by Dr. J. J. Pfiffner. 
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tency values calculated from individual tubes containing graded amounts 
of yeast extract are shown. They vary over a range of more than 300 
per cent, while the reading for the last tube was too high to be calculated 
from the standard curve. 

The three sources of vit amin Be conjugate described above were then 
incubated 16 hours at 45° with vitamin Be conjugase in excess and assayed 
with Laciobacillus casei. The average dosage-response curve for all three 
samples and the standard is shown in Fig. 2. It will be seen how the wide 
divergence of response from the standard curve has disappeared following 
enzjTne treatment. This is also shown in the second part of Table I, 
where potencj- values calculated for indi\idual tubes contaioing yeast 


Table I 

Compariton of Vitamin B, Assay Values for Yeast Extract, Calculated from Individual 
Assay Tubes before and after Enzyme Treatment 


Before caryae treitseot 

After eaz>ine treateeat 

Amotifit of saa- 
ple per tobe 

1 

Zrelyn fea4isss 

CefeuZeted 
\ltaaia B«per 
ca. 

Aiaoant of sam- 
ple per tube 

Erclyn rcxdb^s ^ 

CalcnUted 
vitaraia B^per 
gn. 

y 


7 

7 


7 

31.2 

95 

0.64 

3 

72 

50 

62.5 

92 

0.64 

6 

59.5 

53.3 

125 

75.5 

1.12 

9 

53 

53.3 

187 

5S 

1.51 

12 

49 

50.8 

250 

45.5 

2.24 

15 

44 

53.4 

375 

33 


18 

42 

51 

1 



24 

39 

50 

Average 

52 



extract after enzyme treatment are shown. There is less than 10 per cent 
variation among the seven individual values. 

In Fig. 3 is shown a dosage-response curve for a mixture of free and 
conjugated vitamin Be compared to the standard curve for vitamin Be, 
Streptococcus faecalis being used as the assay organism. In this case the 
points representing the response of this organism to the mixture of free 
and conjugated vitamin Be fall almost exactly on the standard curve. 

DISCUSSION 

It is generally considered that good matching of the dosage-response 
curves for a crude assay sample and a pure standard is the most reliable 
criterion of a good microbiolo^cal assay. This condition also may be 
described as freedom from drift in potency values calculated for individual 
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Fig. 3. Response of Sireplococcus faecalis to a mixture of free and conjugated vita- 
min Be. The mixture contained 1.59 millimicrograms of crystalline vitamin and 
177 millimicrogramB of crystalline vitamin Be conjugate per cc. 

664 




O. n, BIRD AKD M. BOBBINS 


665 


tubes in an assay. It is evident that this condition is not met when sam- 
ples containing both free and conjugated vitamin Be are assayed with 
LaclohaciUus casei prior to treatment with vitamin Be conjugase. This is 
also true when a sample containing crystalline \dtamin Be conjugate is 
assaj'ed without ensyme treatment. Calculated potency values for indi- 
vidual assay tubes show an extreme drift and it is impossible to get a satis- 
factory assay for the true amount of free vitamin Be present. This is not 
the case when Streptococcus faecalis is used to assay a mixture of free and 
conjugated vitamin Be. The presence of conjugate does not cause an undue 
drift in assay values for indi\'idual tubes. Thus a mixture of free and 
conjugated vitamin Be may be much more satisfactorily assayed for free 
vitamin Be with Streptococcus faecalis than with Lactobacillus casei. 

This criticism of the LaclohaciUus casei assay does not apply if the vitamin 
Be present as a conjugate has been entirely converted to the free form by 
adequate enzyme treatment prior to the assay procedure. The close 
matching of response curves for unknown and standard following treat- 
ment of the former with an enzyme preparation indicates that the 40 hour 
assay procedure used in the experiments rep'orted here is equal in accuracy 
to 72 hour procedures emplojung acid titration. 

The S-shaped response curs'es obtained when samples containing vita m in 
Bj conjugate are assayed with Lactobacillus casei prior to enzyme treatment 
are unexplained. One possible explanation may be that this organism 
produces an enzyme which splits the conjugate, thus freeing vitamin B^ 
which in turn stimulates the growth of the organism. This phenomenon 
would be more pronounced in the tubes containing larger amounts of the 
conjugate, thus leading to the S-shaped response curve. 

sumiABT 

The abnormal growth response of Lactobacillus casei obtained with crude 
substances containing vitamin B^ conjugate is also obtained with crj’stalline 
vitamin Be conjugate. This abnormal response is entirely eliminated by 
treatment of crude substances with a conjugase preparation which converts 
the vitamin Be present to the free form. 

Streptococcus faecalis does not display this abnormal response when used 
to assay free vitamin Be in the presence of vitamin Be conjugate. 
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OF POTATO PHOSPHORYLASE* 
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(Received for publication, February 4, l&i6) 

Potato phosphoiylase catalyzes the formation of a linear polysaccharide 
from giucose-l-pbosphate (1). The reaction is dependent upon the pres- 
ence of some types of polysaccharide in relatively small amounts. Such 
polysaccharides are believed to function as a source of short, linear chains 
onto ■which glucose from the substrate is added repeatedly in 1,4-a-glu- 
cosidic linkages by phosphoiylase, thus forming long unbranched chains 
(2). The terms primer (3, 4), catalyst (5), and activator (2, 6) have been 
used to designate them. 

In attempts to leam the nature of potato phosphorylase activators it 
has been found that glucosidic linkages characteristic of glycogen (f.e. 
l,6-<i-glucosidic) are not required (2, 7). Partial acid hydrolysis of amyl- 
ose (Fraction A, Schoch) and several natural starches markedly increase 
the activating power (6, 7). Estimations based on reactions of the ac- 
tivator fractions 'with io^e indicate that activation can be produced by 
linear dextrins containing not more than 7 or 8 glucose imits per molecule 
(7). Data reported in a symposium (2), since the ■work to be presented 
here was concluded, show that /J-amylase decreases the activating power 
of amylose and of amylopectin (Fraction B, Schoch), and that controlled 
acid hydrolysis of Schardinger dextrins produces activators of potato 
phosphorylase. 

The purpose of the present study was to secure additional evidence 
concerning the structure and size of carbohydrates capable of activating 
potato phosphorylase. 


EXPERIMENTAn 

The potato phosphorylase and glucose-l-phosphate were prepared in 
accordance ■with the methods described by Hidy and Day (7). A modi- 
fication (7) of the Green and Stumpf (5) procedure for the determination 
of phosphorylase activity was used. 

Effect of Different Carbohydrates on Activity of Potato Phosphorylase — A 

* This work was supported by a grant from the Com Industries Research Founda- 
tion. 

t From a thesis submitted by Elsa C. Proehl to the Faculty of the Graduate School 
in partial fulfilment of the requirements for the degree of Master of Arts, August, 1945. 
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number of different carbohydrates were tested with respect to their abil- 
ity to activate potato phosphorylase. Each sample, except the amylose, 
was prepared by dispersing it in water, with heating if necessary. The 
amylose samples were dispersed in 1.7 n potassium hydroxide and quickly 
neutralized Avith hydrochloric acid. The same enzyme preparation was 
used to make all the determinations. 

The results are given in Table I. They show that amylopectin had the 
greatest activating ability. Our evidence indicates that its activity can- 
not be raised appreciably by acid hydrolysis (7). This is in agreement 
with the findings of Cori et al. (2). That unhydrolyzed amylopectin is 
substantially different from liver glycogen is shown in Table I. It is also 
demonstrated by the results of partial acid hydrolysis on the ability of these 
materials to activate phosphorylase from potatoes and from muscle (2). 

In respect to structure, the results with inulin, dextran, and the poly- 
saccharide of pneumococcus type III and of Phytomonas tumefaciens are of 
interest. Because inulin is, a fructosan it is not surprising that it had no 
activity. Unhydrolyzed dextran had less than 30 per cent of the activity 
of soluble potato starch. Since it appears to be a 1 , 6-a-glucosidic struc- 
ture (8), this may be the basis for the relatively low activity. The ac- 
tivity of the polysaccharide of type III pneumococcus was similarly low. 
Its structure has been reported to involve glycosidic linkages which alter- 
nate between positions 1,3 and 1,4.(9). Also, the glucuronosidic linkages 
have the P configuration. The polysaccharide produced by Phytomonas 
iumefaciens had no activity. The configuration of the constituent d-glu- 
cose units appears to be of the 0 type (10). 

Only one of the five dextrins reported here had relatively high activating 
ability. This dextrin was prepared' by treatment of a corn-starch slurry 
with hydrochloric acid to make a highly soluble starch. This was followed 
by a malting process which, on the basis of copper-reducing values, was 
much less complete than in the case of starch not treated with acid pre- 
vious to malting. Methanol was added to precipitate the limit dextrin 
from the soluble malted material. Each molecule of this dextrin con- 
tained an average of approximately 15 glucose units.- Although the cal- 
culated average number of glucose units per molecule of malted corn-starch 
is almost identical (17 units), it had no activity. Carbohydrates tested 
which had 3 hexose units or less had no activity. Thus structure, as well 
as molecular size, is important for activating ability even in materials 
which have a relatively high concentration of terminal end-groups. 


' Personal communication from Dr. D. P. Langlois. 

2 Estimated on the basis of the Hixon Rca value of tliis dextrin. 


Rcn of maltose (1900) X 2 
Rca of sample (259) 


16 glucose units 
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Table I 

Effect of Different Carbohydrates on Activity of Potato Phosphorylase 


Each test mixture consisted of 1.0 ml. of cniyme solution ((7), p. 277), 0.5 ml. of 
1.0 M citrate bufler of pH 6.2, 1.0 ml. of test carbohydrate, and 1.0 ml. of 0.1 m glu- 
cose-l-phosphate. 


Ctrlobyiir»te 

Source* 

Amount 
sdded to 
reaction 
mixture 

Actirityf 

Soluble potato starch, fat-frcc 

Merck 

nz. 

20 

140 

(( tt It (1 

it 

5 

100 

Amylose from com-starch 

Schoch 

5 

SO 

(( it tt 

Kerr 

5 

50 

Amylopectin from com-starch 

Schoch ' 

5 

116 

Glycogen from liver 

Eastman 

20 

40 

“ " com puriBed with NaOH 

Morris 

20 

0 

" " " " “ acetic acid 

tt 

20 

0 

“Whole com polysaccharide” alcohol pptd. from 

It 

20 

39 

aqueous extract 




Deitran from Leueonostoc mesenteroides 

Hassid 

20 

40 

Polysaccharide produced by Phytomonas tumefa- 

Hodgson and 

20 

0 

ciens 

Polysaccharide produced by type III pneumo- 

Peterson 

Goebel 

20 

40 

COCCUS 




Inulin 

Eastman 

20 

0 

Com-starch oxidized with periodic acid 

Hidy 

20 

0 

lamit dextrin from malted HCl-treated com- 

Langlois 

20 

97 

starch 



i 

limit dextrin from malted com-starch 

fl 

20 

0 

“ “ “ com symp insoluble in 


20 

30 

85% ethanol 

j 11 



limit dextrin from malted com syrup insoluble in 

j 11 

20 

17 

75% ethanol 




Limit dextrin from malted waxy maize starch 

11 

20 

1" 

Raffinose 

Eastman 

20 

0 

Meleritose 

If 

20 

0 

Melibiose 

If 

i 20 

0 

Cellobiose isolated from cotton 

Student’s 

20 

0 

Gentiobiose synthesized 

preparation 

Proehl 

20 

0 


* Grateful acknowledgment is made to the following persons for supplying some 
Of the materials used: T. J. Schoch and R. 'W. Kerr, Com Products ReMng Com- 
pany; D. L. Morris, Mead Johnson and Company; W. Z. Hassid, University of Cali- 
fornia; R. Hodgson and W. H. Peterson, University of Wisconsin; W. P. Goebel, 
The Rockefeller Institute for Medical Research; P. H. Hidy, Baylor University; 
and U. P. Langlois, A. E. Staley Manufacturing Company. 

t All results are expressed as per cent of the value for 5 mg. of soluble corn- 
starch, used as the standard. With this amount of activator 0.375 mg. (corrected) 
of inorgamc phosphorus is liberated in 10 minutes under the conditions prescribed. 
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Dialyzdbility of Pliosphorylase Activators — ^Amylose (Schoch) was hy- 
drolyzed by hydrochloric acid, with the method previously described (7), 
until the activating ability was maximum. This coincided approximately 
TOth the achromic point. It was then neutralized with potassium hy- 
droxide and dialyzed at 4° against distiUed water in Visking tubing. More 
than one-half of the total activating power was concentrated in the dialy- 
sate. Thus both dialyzable and non-dialyzable activators are formed by 
acid hydrolysis of amylose. 

Effect of Alkali on Ability of Amylose to Activate Potato Pliosphorylase — 
Amylose (Schoch) was kept dispersed in 2 n sodium hydroxide for 56 hours 
at 24° and then neutralized with hydrochloric acid. The activating power 
was not changed by the prolonged treatment \vith alkali. 

Effect of P-Amylase on Ability of Amylose and of Amylopedin to Adivate 
Potato Phosphorylase — The method of Ballou and Luck (11) was used to 
prepare the /3-amjdase. To cany out the enzymatic reactions 500 mg. of 
amylose or amylopectin, as required, were dispersed in about 30 ml. of 
1.8 N sodium hydroxide and immediately neutralized with dilute hydro- 
chloric acid. To this were added 50 ml. of 0.1 m acetate buffer of pH 4.8. 
The volume was adjusted to 98 ml. and the mixture was kept at 30°. 
Finally 2 mg. of ^-amylase in 2 ml. of water were added. At specified 
intervals the desired aliquots were removed for determinations of phos- 
phorylase-activating ability and reducing value, respectively; but pre- 
vious to these determinations the aliquots were placed in a boiling water 
bath for 10 minutes to inactivate the jS-amylase. The ferricyanide method 
of Blish and Sandstedt (12) was used to determine the reducing values. 

The results are given in Table II. It is evident that the power of both 
polysaccharides to activate phosphorylase decreases progressively with the 
action of /3-amylase. In contrast to the effect of acid hydrolysis there was 
at no time an increase in the ability to activate phosphorylase. By the 
time maximum hydrolysis had occurred, as indicated by the ferricyanide- 
reducing values, the ability of the residual limit dextrins to activate phos- 
phorylase was practically nil. The results may be interpreted as evidence 
that the phosphorylase-activating ability of a carbohydrate is directly 
related to the concentration of non-maltosidic terminal glucose units, and 
I that the chain length is a determinant of activating power. The latter 
is indicated by the evidence that /3-amylase-treated amylopectin has just as 
high concentration of terminal glucose units as the untreated polysac- 
charide (13); yet the activating ability is reduced. Since the outer 
branches of amylopectin molecules probably do not contain more than 6 or 
7 glucose units per linear branch (13), it may be concluded that the op- 
timum chain length for phosphoiylase-activating ability must be as great 
as these branches; otherwise the action of /3-amylose would not promptly 
reduce that ability. 
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Effect of Add Hydrolysis on Ability of Schardinger DeHrins to Activate 
Potato Phosphorylase—Two facts mdicated that an activator of potato 
phosphorj’Iase need not contain more than 7 or 8 glucose units per mole- 
cule. Thej’ were (a) ability of achrodextrins to activate the enzyme (i) 
and (6) the ability of activator material to dialyze. It was therefore 
lopcal to consider the activating ability of simple dextrins of known com- 
porition. The Schardinger dextrins were a lo^cal choice because the 
structures of both the a and /3 forms seem to be well established and the 
number of glucose units per molecule is 6 and i respectiv elj _ 

Chring to the absence of terminal non-maltosidic glucose units in these 
(ycloamyloses, cleavage of the molecules by mild acid treatment was 


Tabix n 

Effect of (l-Amylaee on Ahiltiy of Amylose and of Amylopeclin to AelitaU Potato 

Phosphorylase 


Une 

Aaylose 

Redoctioa* 

Actirily (PHberateti 
in to taio.) 

m’*. 

fer <fi!t 

rtt. 

0 

0 

0.19 

15 



30 

33 

0.15 

45 



60 

60 

0.12 

SO 

74 

0.12 

120 

82 

0.11 

180 

90 

0.11 

210 

93 

0.09 

300 

94 

0.09 

360 

94 

0.09 


• Expressed as per cent maltose 




RetJertSoa* 


fer emt 
0 
37 
49 

54 

55 
60 
61 
62 


Activity (P Uber- 
Hri io 10 oa.) 


n[. 

0.44 

0.31 

0.15 

0.12 

0.10 

0.10 

0.03 

0.07 


employed with the expectation that short chain amyloses (linear) would 
be formed. 

Several diBerent hydrolj-tic conditions were studied. The results rep^ 
sented in Fig. 1 were obtained as follows: 0.5 gm. of dextrin was = o \ 
in 7.5 N hydrochloric acid. The volume was adjusted to 10.0 . l e 

temperature was 24°. At specified inten-als 1.0 ml. aliquots '^ere r^ 
moved, neutralized with 1.7 N sodium hydroxide, and the volume adji^ed 
to 10.0 ml. Aliquots of these diluted neutral solutioi^ were u^ withm a 
few hours for determinations of phosphorylase activit 3 an emejam e 

reducing abilities. . • ■ ^ ^ 

As shown in Fig. 1, when either the a- or ^-Schardinger dextnn is u.. a 


672 


CARBOHYDRATE ACTIVATORS OF PHOSPHORYLASE 


the only added activator of phosphorylase, the rate of phosphate liberation 
is significantly decreased, as compared with blanks to which no source of 
activator was added. The magnitude of the effect was in proportion to the 
amount of the cycloamylose added. Since there u'as enough residual 
activator in the purified glucose-l-phosphate and potato phosphorylase to 
promote appreciable polysaccharide synthesis (7), the effect of Schardinger 
dextrins may be regarded as a form of competitive inhibition, as inter- 
preted by Green and Stumpf (5), who also noted the inhibiting effect. 

As shown in Fig. 1, the inhibiting effect of both dextrins was rapidly 
abolished by hydrolysis mth acid and they became activators of the phos- 
phorylase. After the maximum activating ability was reached, the effect 
gradually diminished to zero. 



Fig. 1. Effect of hydrolysis by 7.5 n HCl on the potato phosphorylase-nctivating 
power of a- and ^-Schardinger dextrins. Temperature 24°. The abscissa represents 
the length of hydrolysis; the ordinate, the rate of phosphorus liberation in the presence 
of 5 mg. of hydrolyzed dextrin. Lower curve, a-Schardinger dextrin; upper curve, 
/3-Schardinger dextrin. 

The activity of the hydrolyzed /3-dextrin was approximately 30 per cent 
greater than the a-dextiin hydrolyzed to a comparable degree, as deter- 
mined by ferricyanide reduction. This indicates that the hydrolytic 
products from the former dextrin have greater activating power than those 
from the latter. Presumably the average chain length of the /3-dextrin 
products is 1 glucose unit greater than the products from the a-dextrin. 
Therefore, linear dextrins containing 6 or less glucose units may not be as 
capable of activating potato phosphorylase as those containing 7, or per- 
haps more, glucose units. Due to the inhibiting effect of the unhydrolyzed 
dextrins, fully satisfactory comparison of the activating ability of the 
hydrolytic products cannot be made until the latter have been isolated in 
pure form. 

Special significance should be attached to the evidence that both of the 
Schardinger dextrins competitively inhibit polysaccharide synthesis, 
whereas the opposite effect is caused by dextrins formed by acid hydrolysis 
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of either of these compounds. The number of glucose units in each case 
is of the same magnitude. According to present concepts of structure 
(14, 15), the only difference between inhibition and activation, in this 
case, is that the former effect is associated with a closed ring structure, 
whereas the latter is associated with an unclosed ring (helix). Therefore, 
on the basis of present \iews concerning the relation of chemical structure to 
biological actuitj' (16), it might be postulated that unhydrolyzed Schar- 
dinger duxtrins inhibit polysaccharide sjmthesis because they are so similar 
in con6guration and dimensions to the activator groups (helical, open 
chain) that they are able to compete with the latter for essential reactive 
positions on the enzj-me. Owing to the lack of terminal glucose imits in the 

Table III 

Effect of Acid Hydrolysis on Ability of Schardinger Dextrins to Activate Potato 

Phosphorylasc 


Each test mixture contained the equivalent of 5 mg. of dextrin. The hydrolysis 
mixture contained 1.0 gm. of dextrin per 20.0 ml. of 11 N HjSOj at 24°. 


Tline 

o-Schirdiaggr dextrin 

/5*Schirdins«r dextrin 

Redaction" 

Activity (P liberated 
is 10 znin.) 

Redaction* 

Activity (P liberated 
in 10 min.) 

hrs. 

Per tent 

rtt. 

per cent 

rtg. 

0 

0 

-o.iot 

0 

-o.oit 

10 

8 


8 

0.15 

22 

14 

0.14 

9 

0.25 

36 

19 

0.19 

17 


46 

25 

0.21 

23 

0.33 

76 



30 

0.35 

98 

52 

0.43 






48 

0.34 







* Expressed as per cent glucose. 

t The negative values indicate that the de.xtrins inhibited the activating ability 
of the polysaccharide contaminating the enzyme preparation and the gIucose-1- 
phosphate so that the phosphorus values were lower than those of the blanks. 

Schardinger dextrins, glucose units from the substrate would not be added; 
consequently polysaccharide synthesis would be blocked. 

Hydrolysis wiih Sulfuric Acid — ^The differences between hydrochloric 
acid and sulfuric acid on the hydrolysis of the cycloamyloses were quite 
marked. "When 7.5 n sulfuric acid was used, the rate of hydrolysis at 
24° was exceedingly slow as compared with hydrochloric acid of equal 
strength. As shown in Table III, 11 n sulfuric acid was also quite slow. 
Even after 4 days not more than 50 per cent of either dextrin had been 
completely hy'drolyzed. Also, the hydrolyzed fragments with activating 
ability appeared to be fairh’’ stable in sulfuric acid under these conditions. 

likewise, the hydrolysis of amylose by 11 n sulfuric acid was much slower 
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than when 7.5 n hydrochloric acid was used. Lower concentrations of 
the former acid were even less effective. When 11 n sulfuric acid was 
used at 24°, approximately 40 hours w'ere required to attain the maximum 
activating effect. In addition, the rate of decline in activating ability was 
very gradual. 10 days after the maximum had been reached the activating 
power had declined approximately 40 per cent. 7 days later it had not 
undergone further decline. The behavior of araylose and of Schardinger 
dextrins in sulfuric acid may be of considerable practical value in isolating 
short chain dextrins mth high activating ability. 

SUMMARY 

The ability of different polysaccharides, dextrins, and certain di- and 
trisaccharides to activate potato phosphorylase was determined. Amylo- 
pectin from corn-starch had the greatest activity. Melezitose and raffinose, 
which are trisaccharides, had no activity. 

Hydrolysis of amylose and of amylopectin by /3-amylase caused a pro- 
gressive decrease in activating power. On the other hand, hydrolysis of 
amylose with either HCl or H 2 SO 4 markedly increased its activity. 

The effect of a- and /3-Schardinger dextrins in inhibiting the activating 
ability of polysaccharides was confirmed. Partial hydrolysis of these 
dextrins with either HCl or H2SO4 caused them to be activators of potato 
phosphorylase. 

Certain phosphorylase activators are fairly stable in strong H2SO4. 
It is concluded that activators of potato phosphorylase need not con- 
tain more than 6 or 7 glucose units per molecule and that the Schardinger 
dextrins are promising sources of material for the continuation of investiga- 
tions on the nature of the activators of potato phosphorylase. 
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VITAMIN CONTENT OF MOUSE EPIDERMIS DURING 
METHYLCHOLANTHRENE CARCINOGENTSSIS 

I. BIOTIX, CHOLINE, INOSITOL, p-AMINOBENZOIC ACE), AND 
PYRIDOXINE* 

By E. L. TATUALt M. G. RITCHEY, E. V. COWDRY, a-Vd L. F. WTCKS 

(F rom Ihc Barnard Free SlHn and Cancer Hospital, the Department of Anatomy, 

Washington Unirersity School of Medicine, St. Louis, and the Department of 
Biology, Stanford Unirersity, California) 

(Received for publication, February 15, 1946) 

In the Barnard Free Skin and Cancer Hospital project to analyze the 
carcinogenic effect of methylcholanthrene on mouse epidermis (1), data on 
the levels of certain inoi^anic constituents and of ascorbic acid (2, 3) and of 
lipids (4, 5) in the reacting epidermis have been published. Although a 
number of investigators have found differences between normal and cancer- 
ous tissues in certain vitamins of the B group (6-9), these important con- 
stituents have not pre\"iously been determined either in isolated epidermis 
or during controlled methylcholanthrene carcinogenesis. Accordingly, 
Dtamin bioassa3' methods, with mutant strains of Neurospora (10), have 
been developed or modified for use in measuring the epidermal content of 
certain vitamins during methylcholanthrene carcinogenesis. The results 
of a considerable number of determinations suggest that the application of 
methylcholanthrene in benzene solution does not significantly alter the 
levels of inositol, choline, or p-aminobenzoic acid in mouse epidermis. A 
sli^t increase in pjiido^dne content seems to follow treatment with methyl- 
cholanthrene (to 124 per cent of normal) and also with benzene alone (to 118 
per cent of normal). The most striking specific effect of methjdcholan- 
threne is an apparent decrease in the biotin content to 64 per cent of normal. 

ESPEMMEOTAL 

Mcderial — ^Female Swiss mice, 3 to 6 months old, were used, except as 
indicated in Table III. The animals, in groups of thirts", were shaved over 
the entire Back, only distilled water being used to wet the hair. After 
^ 2 or 3 day interval, they' were painted over the shaved areas either with 
reagent grade benzene or with a 0.6 per cent solution of 20-methj'lcholan- 
threne in benzene, a No. 5 camel's hair brush being used, as previously de- 

* Aided by grants from the Jane Cofian Childs Alemorial Fund for Medical Research, 
an anonymous donor, and the National Cancer Institute. 

t Present address, Osborn Botanical Laboratory, Yale University, New Haven, 
Connecticut. 
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scribed (4). The benzene-treated controls and the methylcholanthrene- 
treated mice were painted three times a week, different groups receiving one, 
three, six, thirteen, or twenty-five paintings. The groups painted one or 
three times were killed with chloroform 10 days after the first painting; 
those painted six, thirteen, or twenty-five times were Idlled respectively 20, 
30, and 60 daj'S after the first painting, while the untreated controls were 
killed 10 days after they were shaved. Before any of the animals were 
killed, they were dry-shaved, if necessary, to remove any regrovn hair. In 
all cases the epidermis was separated by blunt dissection at 50°, according 
to the method of Baumberger, Suntzeff, and Cowdry (11). The pooled 
sample of epidermis from each group of thirty mice was dried in vacuo over 
phosphorus pentoxide at room temperature in the dark for a minimum of 
60 hours, and was stored under the same conditions. The diy weights of 
the pooled samples ranged from 0.4 to 0.8 gm. 

Extraction — Inositol and choline and most of the rest of the B vitamins 
are present in tissues in the bound form and must be in solution for assays. 
Liberation vith acid was selected in preference to enzyme treatment (12), 
since acid hydrolysis is necessary for choline (13), and should be equally 
effective for biotin (14), p-aminobenzoic acid (15), and inositol (16). For 
liberation of pyridoxine, 1 n hydrochloric acid for 1 hour (17) and 2 N sul- 
furic acid for | hour (18) have been recommended. However, pyridoxine 
has been shown to stand autoclaving with 4 n sulfuric acid for | hour (19). 
Preliminary assays of epidermis gave as high or higher values for all five 
vitamins after treatment with 4 n sulfuric acid and neutralization with 
sodium bicarbonate as after 1 n sulfuric acid and neutralization 'with barium 
hydroxide (13). Under the conditions used, the salt concentration was 
found not seriously to interfere -with the assays. Treatment 'svith 4 N 
sulfuric acid for 2 hours at 15 pounds pressure ■was therefore selected for 
liberation of all five substances. After autoclaving wth 1 cc. of acid per 
0.1 gm. of dry epidermis, each extract was diluted ■with water, neutralized 
to Congo red -^rith sodium bicarbonate, filtered, made up to standard volume 
(1 cc. per 6 mg. of dry epidermis), and adjusted to pH 5.5. The solutions 
w^ere placed in flasks, a few drops of toluene added, and the flasks corked 
and stored at 10° until needed. Assays run on samples stored up to 1 
month showed no significant alterations in the values for these five sub- 
stances. 

General Assay Procedure — ^All glass'ware used for assays or for storage of 
samples 'wns routinely cleaned wdth chromic-sulfuric acid mixture and 
thorou^ily rinsed. Different mutant strains of Neurospora were used for 
the assaj^s. These strains had been produced by x-ray and ultraviolet light 
treatment and each requires for growth a specific vitamin (10, 20). They 
can be used for bioassays of these vitamins by measuring the growth in 
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liquid medium (13) . The gro'wih of each strain is a function of the concen- 
tration of the required vitamin added. The minimal medium previously 
described (13) was made up in t'vvicc the final desired concentration, steri- 
lized, and diluted as required. 10 cc. lots of medium containing the desired 
supplements -were placed in 50 cc. Erlenmeyer flasks, as used by Stokes el al. 
(17), plugged -with purified absorbent cotton, and sterilized for 10 minutes 
at 15 pounds pressure. Each flask of medium ■was then inoculated •with 1 
drop of a ■water suspension of conidia of the appropriate strain of Neuro- 
spora. Cultures grown on agar slants and not over 14 days old were used 
to prepare the inoculum. The flasks were incubated at 25° for 72 hours 
■without shaking. At the end of this period, the myceliqm was removed 
from the flask, placed on filter paper in a Buchner funnel, washed well 
distilled water, removed from the filter paper, and dried in an oven at 90° 

Table I 


Range of Vitamin Concentraliont Effective for Strains of Meurospora 


Vitiiaia 

Stnln 

EficctiTe TiUiain 
naseper 
(10 cc. ot cedias) 

Blbtlogrxpliic 
reference to other 
ifearospyra ussys 

Biotin 

N. crassa 1 

r 

0.00005- 0.001* 

(21) 

Choline 

" » 34486 

0.5 - 5.0 

(13, 21-23) 

Inositol 

“ 37401 

2.0 -10.0 

(24) 

p-Aminobenzoic acid 

“ “ 1633 

0.01 - 0.05 

(15, 25) 

Bjaidorine 

" sitophila 299 

0.005 - 0.07t 

(17) 


* Biotin-free minimal medium. 

t Minimal medium containing 3 t of thiamine per 10 cc. 


for 2 hours. The dried mycelium was then weighed to the nearest 0.1 mg. 
directly on the pan of an analytical balance. 

Specific Assay Procedure — The strain of Neurospora used for each assay 
and the efiective range of vitamin concentrations under the adopted condi- 
tions are pven in Table 1. Inositol was determined ■with N. crassa 37401 
essentially as described by Beadle (24). Strain 1633 (15, 25) was used for 
the assay of p-aminobenzoic acid. The wild type strain of N. crassa (strain 
1) was used for the determination of biotin by the same procedure as the 
other assays except that biotin-free medium was used. This was prepared 
m the same marmer as the other minimal medium but with omission of 
biotin^ and -with the use of sucrose which had been treated in 20 per cent 
solution ■with one-tenth of its weight of norit. (Hodson (21) has found the 
ckolineless Neurospora crassa (strain 34486) satisfactory for biotin assays as 
well as for choline assay's.) 

^ The biotin used in this work was kindly supplied by hferck and Company, Inc., 
Bahway, New Jersey. 
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Pyridoxine ivas determined with Ncurospora silophila strain 299 essen- 
tially as reported by Stokes ct al. (17), but instead of destroying thiamine 
in the extracts tested, an excess of thiamine (3 y per 10 cc.) was added to the 
basal medium. Under these conditions, the stimulating effect of thiamine 
on the response of strain 299 to pyridoxine (26) increases the sensitivity of 
the assay, and incubation at 25° for 3 days is then adequate. The growth 
response to limiting amounts of p3'ridoxine wms observed to be maximal and 
constant in the presence of from J to 6 7 of thiamine per 10 cc. of medium. 

Table II 


Within Series Reproducibility of Vitamin Assays and Recoveries of Added Vitamins 


Vitamin 

Epi- 

dermal 

extract 

Vita- 

min 

added 

Duplicate div 
weight of mold 

Vitamin found 

Recovery 

Per flask 

Perec. 

extract 

of added vitazxuo 


cc. 

T 

nt. 

y 

y 

y 

per 

cent 

Biotin 

0.2 

0 

7.7, 8.2 






0.4 

0 

12.2, 11.8 

SQffi m 





0.6 

0 

15.4, 16.4 


■nfSffnl 




0.2 

MIIIIIH 

10.4, 9.6 

iVixSxSI 


0.000105 

105 

Choline 

0.1 

0 

7.0, 7.2 

1.5 





0.3 

0 

16.2, 16.3 

4.55 

15.2 




0.5 

0 

20.4, 22.2 

7.2 

14.4 




0.1 


10.3, 10.5 

2.5 


1.0 

100 

Inositol 

0.5 

0 

1.9, 2.0 

1.9 

3.8 




1.0 

0 

4.7, 4.7 

4.15 

4.15 




2.0 

0 

9.0, 9.2 

6.75 

3.4 




0.5 


6.1, 6.1 

5.0 


3.1 

103' 

p-Aminobenzoic acid 

1.0 

0 

4.9, 4.6 

0.019 

0.(|19 




2.0 

0 

9.7, 9.4 

0.028 

0.014 






14.7, 15.8 

0.038 


0.019 

95 

Pyridoxine 

0.5 

0 

4.8, 5.4 


0.017 





0 

9.0, 8.6 

0.019 

0.019 






8.3, 9.6 

0.0195 


0.011 

no 


Ncurospora crassa strain 34486 was used for the determination of choline 
essentially as described by Horowitz and Beadle (13), except that permutit 
adsorption of the extract was omitted. Preliminary assays of epidermis 
gave the same choline values with this procedure as with the hydrolysis and 
adsorption procedure of Horowitz and Beadle (see also Hodson (21), Luecke 
and Pearson (22), and Siegel (23)). The choline content of epidermis is 
apparently so high in relation to that of methionine that the removal of the 
latter is unnecessa^J^ 

A standard cun’e was made for every run of each \dtamin, -with all con- 
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centrations in duplicate. For each sample of epidermis assayed, two or 
three levels of extract, in duplicate, were used for each determination. The 
amount of the vitamin in each extract was then estimated from the stand- 
ard curve. Tj-pical results are given in Table II. In all assays the vita- 
min contents per gm. of drj- epidermis calculated from the growth at di^er- 
ent levels of extract were in good agreement, and the recoveries of added 
vitamins were satisfactory. The reliability of the extraction and assay 
techniques was tested by repeating the assaj's on several extracts at different 
times up to several weeks apart, and by assaying independently prepared 
extracts of the same samples of epidermis. In both cases the results agreed 
■(rithin the limits allowable for a bioassaj'. 


Table III 

Vitamin Content of Mouse Epidermis during Methylcholanthrene Carcinogenesis 
The values given are in tnicrograms per gm. of dry epidermis, for the number of 


groups indicated in parentheses. 


Treataeat 

Ko.of 
pain tings 

Slotln 

Cholific 

Icositol ' 

1 

^Anint>- 
bc&ioie add 

Pyridoxin e 



y 

y 

y 

y 

y 

Normal* 


0.196 (5) 

2471 (5) 

526 (5) 

2.40 (5) 

2.45 (5) 

Benzene 


0.197 (2) 

2625 (2) 

539 (2) 

2.19 (2) 

2.70 (2) 



0.200 (2) 

2630 (2) 

536 (2) 

2.55 (2) 

2.57 (2) 



0.232 (2) 

3315 (2) 

632 (2) 

2.10 (2) 

3.49 (2) 


13 

0.163 (3) 

2636 (2) 

568 (2) 

2.33 (3) 

2.76 (2) 

Methylcholanthrene 

1 

0.116 (2) 

2640 (2) 

535 (2) 

2.32 (2) 

2.72 (2) 


3 

0.122 (3) 

2270 (3) 

516 (3) 

2.02 (3) 

2.96 (3) 


6 

0.132 (2) 

2925 (2) 

569 (2) 

2.92 (2) 

2.95 (2) 


13 

0.124 (2) 

2820 (2) 

547 (2) 

2.67 (2) 

3.29 (2) 


25 

0.136 (2) 

2791 (2) 

582 (2) 

2.14 (1) 

3.45 (2) 


* Includes two lots of mixed Swiss and New Buffalo mice. 


Results 

Tables III and IV present the results obtained with groups of mice 
painted with benzene up to thirteen times over a period of 1 month and 
with groups painted with a 0.6 per cent solution of 20-methylcholanthrene 
in benzene up to twenty-five times over a period of 2 months. Dry weight 
of epidermis, rather than wet weight, was used as the basis of reference, 
since in separation of the epidermis from the dermis at 50° there was a 
variable loss of water from the tissue. 

There was no change in the values for p-aminobenzoic acid following the 
application of either benzene alone or methylcholanthrene in benzene. 
Choline and inositol values diowed a sli^t increase in the methylcholan- 











680 


VITAMINS IN CAHCINOGENESI^. I 


threne-treated mice with a somewhat greater increase in the benzene control 
mice. In the benzene controls, the choline averaged 113 per cent of the 
normal and the inositol 108 per cent of normal. However, as is sho'ira in 
Table II, the method of assay has an error of at least 10 per cent and there- 
foije no conclusions can be dra-nm from these small changes in value. The 
pyridoxine values showed a somewhat greater increase, to 118 per cent of 
normal in benzene-treated mice and to 124 per cent in methylcholanthrene- 
treated mice. 

Of the vitamins studied, the biotin content showed the most marked 
change, the average for the mice treated wth methylcholanthrene in ben- 
zene being 64 per cent of normal, while the average for the benzene controls 
was 99 per cent of normal. With methylcholanthrene painting the biotin 
content was slightly lower after one painting than it was after a number of 
paintings. Although the average biotin value for all of the benzene con- 
trols was 99 per cent of normal, benzene alone may have some depressing 

Table IV 

Summary of Vitamin Content of Mouse Epidermis during Methylcholanthrene 

Carcinogenesis 

The values are averages in per cent of the values for normal epidermis, for the 


number of groups indicated in parentheses. 


Treatment of epidermis 

1 

Biotin 

1 

Cboline 

i 

Inositol 

#>-Ajnlno; 
benzoic acid 

Tyridonne 

Benzene 

Methylcholanthrene 


■ 


in 

118 (8) 
124 (11) 


effect upon the biotin content of the epidermis, since after thirteen benzene 
paintings the biotin value was 83 per cent of normal. 

DISCUSSION 

The validity of the observed variation in the biotin content of mouse 
epidermis during methylcholanthrene carcinogenesis is perhaps supported 
by the consistency of the results obtained for the other vitamins determined 
and for biotin in normal epidermis. The fall in biotin occurs rapidly, after 
only a single application of methylcholanthrene, and is in this respect 
analogous to the behavior of the iron and calcium (2) and the total fat (4). 
This lowered biotin content may result from altered biotin metabolism. 
Burk and Winzler have suggested that the metabolism of biotin vitamers 
may be abnormal in tumors (27). 

Although the slight increases in pyridoxine content with methylcholan- 
threne treatment are not statistically signiRcant, further determinations 
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may support tlie apparent trend toward higher pyridoxine levels and make 
possible an appraisal of the validity of the rise with benzene treatment 
alone. The pjTidoxinc values represent “total Bs” content, since Neuro~ 
spora responds equally well to pyridoxine, pjTidoxal, and pyridoxamine 
(28). Assays for specific \’itamin Bs derivatives in methylcholanthrene- 
treated epidermis mi^t be quite illuminating in regard to a possible change 
in pjTidoxine metabolism. 

Changes in both biotin and pyridoxine levels might be associated with 
changes in nitrogen metabolism, since both biotin (29) and pyridoxine (30- 
32) seem to be concerned Rdth nitrogen metabolism. 

Finally, it should be emphasized that the biochemical changes reported 
in this and pre\'ious communications from this laboratory (2-5) represent 
only steps toward the development of a complete, unified picture of all the 
biochemical changes taking place in epidermis during methylcholanthrene 
carcinogenesis, and that only the complete picture maj' enable the relation 
of any changes to the development of malignancy. 

SUmiAHY 

By the use of mutant strains of Neuro&pora the levels of biotin, choline, 
inoatol, p-aminobenzoic acid, and pjTidoxine have been followed during 
methylcholanthrene carcinogenesis. 

No significant changes in inositol, choline, or p-aminobenzoic acid were 
observed. The pyridoxine content appeared to increase slightly after either 
methylcholanthrene or benzene treatments. 

The biotin content was found to decrease after methylcholanthrene treat- 
ment, reaching a level of 64 per cent of normal after a single application of 
the carcinogen, and maintaining approximately the same level during re- 
peated paintings over a period of 60 daj'S. 
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THE HYDROLYSIS OF HYDANTOIN BY VARIOUS TISSUES 

Bt FREDERICK BERKHEEVI ant) MARY L. C. BERNHEIM 

(From the DcpaHmenU of Physiology and Pharmacology and of Biochemislry, Duhe 
University School of Medicine, Durham, North Carolina) 

(Rcceircd for publication, February 14, 1946) 

In 1912 Lewis (1) administered hydantoin to rabbits, cats, and dogs 
and came to the conclusion that the ring was not readily broken in the body. 
Gaebler and Keltch (2) some years later showed that some hydantoin was 
excreted as hydantoic acid after injection into dogs. Wada (3) claimed 
that urea was produced from hydantoin after incubation with milk or 
certain tissue suspensions. Finally, Kozelka and Hine (4) gave diphenyl- 
hydantoin to men and dogs and found that 1 to 5 per cent was excreted as 
the corresponding hydantoic acid and 10 to 27 per cent as a-aminodiphenyl- 
acetio acid. About 30 per cent of the drug was unaccounted for. It was 
therefore of interest to investigate the metabolism of hydantoin and the 
diphenyl derivative in detail by tn vtlro methods. 

EXPERIMENTAL 

The first experiments were done with rat liver slices suspended in Krebs 
bicarbonate solution, 300 mg. of slices (wet weight) were suspended in 

4.0 cc. of solution and placed in 50 cc. Erlenmej'er flasks in an atmosphere 
of 95 per cent Oi and 5 per cent CO* or 95 per cent and 5 per cent CO;. 

2.0 to 4.0 mg. of hydantoin or diphenylhydantoin (kindly supplied b\ Dr. 
E. A. Sharp of Parke, Davis and Company) were added and the vessels 
incubated for 3 to 4 hours at 37°. At the end of this time 1.0 cc. of 20 per 
cent trichloroacetic acid was added to each vessel and the precipitated 
protein was centrifuged down. An aliquot of the supernatant fluid was 
subjected to Archibald’s (5) procedure for citruUine, which gives no color 
with the hydantoins but does with the hydantoic acids, and another aliquot 
to Bonsnes and Taussk}'’s (6) creatinine method which gives a color with 
hydantoins but not with the coresponding acids. By these methoda the 
following facts were established. Hydantoin is rapidly hydrolyzed by 
rat liver dices, and less rapidly by kidney. The hydrolysis occurs equally 
Well with or without oxygen, and in the presence of cyanide. Diphenyl- 
hydantoin, however, is not hydrolyzed. It is very' insoluble and possibly 
the negative result is due to an inadequate concentration of substrate m 
solution. To certain of the vessels in which hydantoin had been incubat^ 
a solution of urease was added at the end of the experiment ^fore the 
addition of the trichloroacetic acid. After 30 minutes incubation at 40 

6S3 
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the solutions were tested both for the presence of hydantoic acid and am- 
monia, the latter by a vacuum distillation method. The results showed 
that no urea was formed either aerobically or anaerobically. 

When these facts had been established, tissue supensions were substituted 
for slices. Rat liver suspensions hj'drolyze hydantoin rapidly and the 
hydantoic acid produced will displace carbon dioxide from solution, thus 
making it possible to obtain accurate measurements of the rate of reaction. 
The suspensions were made in 0.05 M phosphate buffer of pH 7.8 containing 



Fig. 1. The hydrolysis of 1.0 and 2.0 mg. of hydantoin by dialyzed rat liver suspen- 
sion, pH 7.8, 37”, and the effect of monoiodoacetate, cyanide, and arsenite on the rate 
of hydrolysis of 2.0 mg. The double arrow represents the theoretical COi production 
for the hydrolysis of 1.0 mg. of hydantoin to hydantoic acid. 

0.05 M sodium bicarbonate and were equilibrated in Warburg vessels with 
95 per cent 1^2 and 5 per cent CO 2 . The hydantoin was added from the 
side arm and the CO 2 evolution measured in the usual way. Fig. 1 shows 
that the theoretical amount of CO 2 is displaced and that the amount is 
proportional to the concentration of hydantoin. 

The distribution of the enzyme in various organs and animals was first 
studied. It is active in rat liver and less active in rat kidney, but is absent 
from blood and brain. It is present in dog liver and kidney, cat kidney, 
questionably in cat liver, and in frog liver. It is absent from dog and cat 
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blood, mouse liver, rabbit and guinea pig liver, kidney, and blood, and 
frog kidney. 100 mg. of pancreatin (blerck) do not hydrolyze hydantoin. 
With the exception of the mouse, it seems that the enzyme is present in 
omnivores and absent in herbivores. Neither diphenylhydantoin nor 
barbituric acid is hydrolyzed by 003' of these tissues. 

The characteristics of the enzyme in rat liver were studied. The tissue 
suspension can be dialyzed for 18 hours without loss of activity. Precipi- 
tation of the suspension with half saturation of ammonium sulfate or 50 
per cent alcohol and subsequent dial3’sis yields onl3'' inactive fractions. 
Precipitation with acetone causes approamately a 50 per cent loss in 
activity. The rate of h3'drolysis in dial3'zed liver suspension is not affected 
by 0.4 X 10“’ M sodium C3'anide, 0.6 X 10“’ si cysteine, 0.3 X 10“’ m 
monoiodoacetate, 3.6 X 10"’ si sodium fluoride, nor a saturated solution of 
diphenylhydantoin, but is about 80 per cent inhibited by 0.2 X 10“* si 
sodium arsenite. These results are shown in Fig. 1. The enzyme has 
no sharp pH maximum in the range studied. Thus the rates of hydrols^ 
at pH. 6.7, 7.8, and 8.6 are within 10 per cent of each other. 

DISCUSSION 

As far as we are aware the known peptidases do 'not hydrolyze hydan- 
toins and this suggests that a specific enzyme is involved. Its function 
in the animal is not clear, for hydantoins do not occur in nature. It is 
possible that substituted h3*dantoins are also hydrol3'zed by the enzyme, 
as suggested by the results of Kozelka and Hine with diphenylhydantoin. 
The failure to show hydrol3'sis of this latter compound in vitro mas- simply 
be due to its insolubility in water at physiological h3'drogen ion concentra- 
tions. 


SUMMARY 

The distribution and properties of an enzyme that hydrotyzes h3’dantoin 
have been described. 
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TRANSAMINATION IN GREEN PLANTS 
Bt niilo RAUTAKEN 

(From the Biodiemical Insiilule, Heliinhi, FirUani) 

(Received for publication, March 5, 1946) 

The transamination reaction discovered by Braunstein and Kritzmann 
(p in 1937 seemed, according to their investigations performed with animal 
tissues, to explain the formation of all amin o acids in them. In this lab- 
oratory, the reaction has been under investigation during the elucidation 
of the syntheas of a min o acids in green plants, in which the said reaction 
was demonstrated by llrtanen and Laine (2) in 1938. It was noted in the 
system Z(-f)-glutamic acid -f- oxalacetic acid ^ a-ketoglutaric acid -f- 
K~)-aspartic acid, and also in the systems Z-aminodicarboxylic acids + 
pyruvic acid and Z-aminodicarboiylic acids -f- a-ketoisocaproic acid. 
In the former case the reaction was strong; in the latter weak. Hydroxy- 
glutamic acid did not transfer its amino group with pyruvic acid. When 
phenylpyruvic acid was the other component with Z-aminodicarboxylic 
acids, no transfer of amino groups occurred (3). 

I have examined the transamination in green plants further, both with 
crushed plant material and by the vacuum infiltration method, and have 
noted that many different plant tissues contain agents which catalyze- 
the reaction. 

Analytical Methods 

Aminodicarbojylic acids were precipitated according to the method of 
Foreman. Aspartic acid was determined, after precipitation according to 
Foreman, with the malic acid method of Pucher (4) adapted by Arhimo 
(5) to aspartic acid. 

Results 

In ^steins in which Z-glutamic acid or a-ketoglutaric acid acted as the 
dicarboxylic acid component, the reaction maYimum was reached in 40 to 
60 ruinutes. When Z-aspartic acid or oxalacetic acid was the dicarboxylic 
acid component, the reaction was slower and the percentage of transamina- 
tion lower (Fig. 1). In systems of both kinds, the optimum pH was 
about 6.9 (Fig. 2) and the optimum temperature 41° (Fig. 3). 

In the following combinations, the rate of reaction was found to decrease 
iu the following order. 

(1) o-Retoglutaric acid + f(— )-aspartic acid 

l(-i-) -glutamic acid -i- oxalacetic acid 

(2) a-Keto^utaric acid + l(-i-)-alanine vi l(-i-)-glutamic acid + pyruvic acid 
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(3) Oxalacetio acid + i(+)-alftnine Z(— )-aspartic acid + pyruvic acid 

(4) or-Ketoglutaric acid + m-)-valino —* Z(+)-glutamic acid + a-ketovaleric acid 

The reaction last mentioned was weak. 

With the following acid combinations transamination could not be 
demonstrated: Z(+)-glutamic acid + phenylpyruvic acid, a-ketoglutaric 
acid + K~)-^^yTOsine, Z(— )-aspartic acid + phenylpyruvic acid, oxalacetic 
acid -f- l(—)-tyrosine, oxalacetic acid -f ?(+)-valine. 

Virtanen and Laine stated that the important amides in plants, glutamine 
and asparagine, are not able to transfer the amino group. 




Figs. 1 to 3. The solid circles represent glutamic acid + pyruvic acid; the clear 
circles, aspartic acid + pyruvic acid. 


It is apparent that the formation of certain aliphatic amino acids, 
notably of alanine, occurs through transamination in plants. On the other 
hand, in the formation of aromatic amino acids, this reaction mechanism 
does not seem to have any direct influence. Accordingly, these amino 
acids must be formed through some other mechanism. It is interesting 
to emphasize in this connection that most amino acids can be regarded as 
derivatives of alanine. 
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PRESSITRE AND PROTEIN DENATDRATION 

Br FRANK H. JOHNSON* and DAN H. CAMPBELL 

(From Ihe Gales and Crcllin Laboralories of Chemislry, California Institute of 
Technology, Pasadena) 

(Received for publication, Februajy 6, 1&46) 

Kinetic analyses have indicated that moderate hydrostatic pressures, 
up to some 7(X) atmospheres, oppose reversible and irreversible denatura- 
tions of certain enzyme systems, apparent at temperatures above the 
normal optimum of the enzyme reaction, as well as at lower temperatures 
in the presence of denaturants such as alcohol (1—4). Qualitative obser- 
vations have shown that such pressures also retard the precipitation of 
highly purified human serum globulin and egg alb umin at 65° (5) and 
slow the destruction of specific antitoxic activity at the same temperature 
(6). In this study we have obtained quantitative data with regard to the 
influence of various pressures, up to 10,(XX) pounds per sq. in., and of low 
concentrations of ethyl alcohol on the time course of precipitation of 
human serum globulin* at 65° and pH 6.0. 

expebimental 

Methods 

Solutions of approximately 2 per cent globulin were made in 0.8 per 
cent NaCl containing 0.01 m phosphate buffer, pH 6.0. Portions of the 
stock solution were generally diluted to one-third with the buffered salt 
solution, and then distributed in 100 X 13 mm. test-tubes. For denatura- 
tion at normal pressure, the tubes were stoppered and placed in a water 
bath at 65° ± 0.02°. Similar tubes were completely filled with portions 
of the same solution, closed with rubber stoppers, and placed in a water- 
filled, steel pressure chamber which was then attached to a hydraulic 
pump. The desired pressure was applied and the entire chamber was 
placed in the same water bath. Temperature equihbration required 2^ 
minutes outside, and 54 minutes inside the pressure chamber. The lag 

* Fellow of tbe John Simon Guggenheim Memorial Foundation, from the Depart- 
ment of Biology, Princeton University, Princeton, New Jersey. 

^ The preparation of human serum globulin was obtained through the kindness of 
Professor E. J. Cohn of the Harvard Medical School. Electrophoretic analysis indi- 
cated per cent -y-, 3 per cent a-, and 3 per cent ^-globulin. The preparation con- 
tained pseudoglobulin as well as euglobulin. It was roade under a contract, recom- 
mended by the Comnuttee on Medical Research, between the Office of Scientific Re- 
search and Development and Harvard University. 
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in heating, for which allowance in timing was always made, introduced a 
source of error because of the changing rates of reaction with rise in temper- 
ature. Because of the high temperature coefBcient of denaturation, 
however, this error was small, except with very brief periods of heating. 
Substantial agreement (within 5 per cent) was obtained between the 
amount of precipitate in tubes heated for an equivalent period of 30 minutes 
outside the pressure chamber and inside the chamber under a pressure of 
only 100 pounds per sq. in. At the end of the designated period of heating, 
the pressure chamber was placed in a water bath at room temperature, 
which very quickly cooled the specimens to a temperature which gave 
rise to no appreciable further denaturation. The tubes that were not 
subjected to pressure cooled sufficiently rapidl}' in air on removal from 
the 65° water bath. 

After being heated, the solutions were centrifuged for 20 minutes at 
25,000 times gravity, while the rotor was maintained at a low temperature 
by dry ice placed qn.the top of the centrifuge. The precipitates were 
discarded and the supernatants analyzed for the nitrogen in solution by 
micro-Kjeldahl determinations. In most cases the supernatant showed a 
distinct opalescence. This was much less noticeable in the specimens 
containing alcohol. The error caused by the presence of small amounts 
of denatured protein remaining in suspension was very small, however, 
except when the total amount, of denaturation was slight, as with short 
periods of heating such as 5 to 10 minutes, or with longer periods of heating 
under high pressures. 

Infl/uence of Initial Protein Concentration and Products of Denaturation 
on Time Course of Reaction 

With solutions containing between 2.0 and 0.2 per cent protein at the 
start, the percentage of the original quantity of protein remaining in 
solution after 30 minutes at 65° did not vary significantly with the initial 
concentration. The amount of protein precipitated in this tiipe was 
usually about 50 per cent of that initially present, with some variation, 
for reasons not entirely clear, in repeated experiments with different solu- 
tions made up from the same lot of the dry globulin. Fig. 1 represents the 
course of protein denaturation in three solutions prepared as follows: 
Solution A, from which the other two were prepared, contained 1.85 per 
cent protein. A portion of Solution A was diluted to a concentration of 
0.7 per cent protein, giving Solution B. Solution C was obtained by 
heating a portion of Solution A for 30 minutes at 65°, centrifuging, dis- 
carding the precipitate, and saving the supernatant. The three solutions 
were stored for 1 week at 3-6°, and then treated at 65° simultaneously. 
Fig. 1 shows that both the undiluted (Solution A) and diluted (Solution -B) 
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solutions follow the same curve for the percentage of the initial quantity 
of protein precipitated with time. The partially denatured Solution C, 
from which the precipitate had been removed, indicates very much the 
same curve, when the period of preheating and amount of precipitate that 
was removed earlier are taken into account. The same data for this 
solution, computed on the basis of the arefount of protein in solution at the 
start of the second heating as 100 per cent, give the uppermost curve, which 



length O' TIME HEATED AT 65’C. (MINUTES) 

Pig. 1. Denaturation of human serum globulin at 65°. Solid circles, Solution A 
(see the teirt) contaitung globulin in a concentration of 1 .85 per cent , before treatment ; 
open circles. Solution B, obtained by diluting Solution A to an initial concentration 
of 0.7 per cent protein in solution . The triangles refer to Solution C, the supernatant 
of a portion of Solution A that had been partially denatured by being heated for 30 
nunutes at 65°. It was then centrifuged, the precipitate was discarded, and the 
supernatant was stored for 1 week at 3-5°. The solid triangles show the course of 
precipitation in Solution C with the protein in solution at the start of the second 
beating taken as 1(X) per cent. The open triangles illustrate the same data, but take 
into account the time of denaturation and amount of protein precipitated in the first 
beating, with the original concentration of 1.85 per cent protein as 100 per cent. The 
scale of the ordinate is logarithmic. 


shows a sli^t lag and the lack of a relatively rapid denaturation during the 
first 30 minutes. In other experiments, in which the solutions were first 
heated for 30 minutes at 65°, then maintained at room temperature for 
periods of 12 minutes to 4 hours without removal of the precipitate and 
again heated at 65°, the same curve as that observed for continuously heated 
solutions was obtained. 

The foregoing results indicate that the specific rate of denaturation is 
first order with respect to the initial amount of protein, and is essentially 
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independent of the products of the reaction. The shape of the curve, 
however, shows that the reaction is not unimolecuiar, but is more complex, 
as is evidenced by the decreasmg rate with time. In these respects the 
over-all reaction resembles that for the denaturation of diphtheria antitoxin 
by urea (7) at room temperature, and for the denaturation of anti-Staphy- 
lococcus hemolysin at 65° under‘both normal and increased pressure (6). 
The general shape of the curve is also similar to that for the denaturation 
of tetanus antitoxin at 65° (8). 



LENGTH OF TIME HEATED AT 6S'C. (MINUTES) 

Fig. 2. Influence of alcohol on the rate of precipitation at 65° of globulin solutions 
having a concentration of 0.69 per cent protein before treatment at 65°. These con- 
centrations of alcohol caused no visible precipitation over long periods of time at room 
temperature. Logarithmic scale on the ordinate. 

Influence of Alcohol — Small concentrations of ethyl alcohol increase 
the rate of precipitation, as is illustrated by the data in Fig. 2 from an 
experiment with a single stock solution of globulin. The concentration 
of alcohol required to bring about a precipitation of the protein at room 
temperature is of the order of 10 times the concentrations that markedly 
increase denaturation at 65°, The shape of the curve for each concen- 
tration is the same, however, if the time scale is changed^ as is shown by 
the straight lines which result when the logarithm of the proportion of 
the protein originally in solution is plotted against the logaritlim of the 
time of denaturation. These lines have practically the same slope but 
differ in position on the abscissa (Fig. 3). Thus, in accord with the ob- 
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serrations of Lepeschkin (9) on the Eimilarity of the heat and alcohol 
denaturation of egg albumin, as well as the recently studied effects of 
alcohol on the luminescent sj^stem (4), the action of alcohol appears to be 
essentially that of accelerating the denaturation reaction. Pre limin ary 
analj'ses, based on the relation Ijetween the logarithm of the concentration 
of alcohol and the logarithm of the amount of acceleration, indicate that 
an average of approximately 1.5 more molecules of alcohol are combined 
with the activated protein molecule vmdergoing denatmration than with the 



LENGTH OF TIME HEATED AT 65" C. (MINUTES) 

Fig. 3. The data of Figs. 4 to 7, plotted on logarithmic ecales as the percentage of 
the quantity of protein in solution before being heated, against the tune of heating 
at 65°, rrith and without alcohol, under normal and increased hydrostatic pressure, 
respectively. Only representative curves are shown to avoid crowding. The scale 
is logarithmic on both the ordinate and abscissa. 

normal molecule. A definite value for this ratio must await clarification 
of the reason for the apparent change in rate of precipitation during the 
course of the reaction. 

Action of Hydrostatic Pressure — ^Hydrostatic pressure retards the rate 
of precipitation both in the presence and in the absence of alcohol. The 
results of a series of experiments with pressures up to 7500 pounds per sq. 
in. are shown in Figs. 4 to 6, in which the curve for normal pressure in each 
case represents the average of five repeated determinations. Fig. / shows 
the results of a single experiment with reference to the effects of 10,000 
pounds pressure in comparison with atmospheric, and with alcohol con- 
centrations of 0, 0.2, and 0.3 m, respectively. In all cases, the effect of 
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alcohol is to increase, while that of pressure is to decrease the rate of 
precipitation. High pressures cause a conspicuous lag in precipitation, 
which hardly represents a complete initial prevention of denaturation, but 
rather a very pronounced slowing of a reaction, whereby the concentration 
of denatured molecules in solution builds up enough to form a precipitate. 
The source of error referred to earlier no doubt tends to exaggerate this 
effect; i.e,, mth very small amounts of precipitate, it is difficult to clarify 
the solution in the centrifuge. Moreover, a slight evaporation of the solu- 



Fio. 4 Fig. 5 

Fig. 4. The influence of hydrostatic pressure on the rate of precipitation without 
added alcohol. The curve at normal pressure is the average of five repeated experi- 
ments. The data for each of the curves are from a separate pressure experiment. 
Initial concentration of globulin in the different e.xperiments, from 0.74 to 0.85 per 
cent. Logarithmic scale on the ordinate. 

Fig. 5. The effects of hydrostatic pressure on the rate of precipitation at 65° of 
globulin solutions containing 0.2 m ethyl alcohol. The curve for normal pressure 
represents the average of five repeated experiments, the others a single experiment. 
Logarithmic scale on the ordinate. 


tion during the centrifugation would contribute in the same direction to 
this error. At lower pressures, the rapidity of denaturation makes it diffi- 
cult to obtain accurate observations during the first few minutes, but when 
data including the amount of denaturation at the end of the first 10 minutes 
are plotted ivith somewhat broader spaces per time unit on the abscissa 
{e.g., Fig. 2), it is apparent that there is a period of slow precipitation at 
the start, followed by more rapid precipitation, and a subsequent slowing 
(c/. also Fig. 3). 

The changing rates of precipitation with time of heating may be ac- 
counted for either by a heterogeneity of the protein molecules, the net 
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LEf-'CTH OF Time heated at 65'C, MNUTES) 

Fig. 6. Influence of hydrostatic pressure on the rate of precipitation at 65° of 
globulin solutions containing 0.3 m ethyl alcohol. The curve at normal pressure 
represents the average of five experiments, the others a single experiment. Logarith- 
mic scale on the Ordinate. 



length of time heated at ss'c. (minutes) 

Fig. 7. The rate of precipitation at 65° of globulin solutions, in a concentration of 
0.69 per cent protein at the start, containing 0, 0.2,'‘and 0.3 m alcohol, respectively, 
under normal and 10,000 pounds per sq. in. hydrostatic pressure . The data are from 
a single experiment. Logarithmic scale on the ordinate. 

result representing the summation of reactions vrith different specific 
rate constants, or as the result of a complex of reactions vrith homogeneous 
molecules, or both. The effects of high pressure in greatly prolonging the 
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initial time required for the formation of an appreciable amount of pre- 
cipitate suggest that the first step involves a denaturation reaction with 
a very large volume change of activation (10). The folloiving experiment 
provides evidence that a subsequent reaction, possibly an equilibrium, 
which is characterized by a small volume increase of the final over the 
initial states, is involved in the precipitation of the denatured protein. 

Tubes containing an initial concentration of 0.68G per cent globulin with 
0, 0.2, and 0.3 M alcohol, respectively, were treated in triplicate at 65° 
for 40 minutes. One set wms cooled to room temperature, a second set to 
4°, in both cases under atmospheric pressure, and the third set to 4° under 
10,000 pounds pressure. After 21 hours, the tubes at room temperature 
were analyzed in the usual manner. The specimens which had been kept 
at 4° were centrifuged in a rotor precoolcd approximately to this tempera- 
ture, and maintained at a low temperature throughout the centrifugation. 
The results are summarized in Table I, which indicates first that, as might 
be expected, there is an increase in flocculated protein at low temperatures, 
and second, that a high pressure opposes this increase. Moreover, the 
amount of precipitate that has already formed at room temperature may 
be decreased by subjecting the specimens to high pressure over a long 
period of time, as is shown by the data in Table II, which are taken from 
an experiment ivith a similar series of triplicate tubes. Denaturation was 
first carried out at atmospheric pressure for 20 minutes at 65° and all 
tubes were cooled to room temperature. The first set was centrifuged and 
analyzed very shortly thereafter. The other tw'o sets were maintained 
for 64 hours at room temperature, one set under normal pressure, the 
other under 10,000 pounds. From Table II, it is apparent that, ■vvithin 
the limits of experimental error, the amount of precipitate did not increase 
on long standing at room temperature. On the other hand, a significant 
decrease in the amount of precipitate occurred as a result of high pressure. 
It is possible, of course, that this effect takes place to some extent through 
a reversal of the denaturation reaction, but it would seem more likely that 
it represents an action of pressure on the flocculation of the denatured 
molecules, in an equilibriiun with a negative heat and positive volume 
change of reaction. 

The data in Tables I and II indicate that the pressure effect on the 
amount of precipitated protein is considerably less marked in the presence 
of alcohol, in some cases scarcely exceeding the range of experimental error. 

With regard to the total reaction, the complexity of the kinetics makes 
it difficult to a,rrive at a satisfactory analysis until definitive data are avail- 
able with respect to the possible significance of heterogeneity of the mole- 
cules and the specific reactions that are responsible for the results measured. 
Heterogeneity is perhaps an important factor in the apparent change in 
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rate of denaturation during the course of the reaction, thus making it 
desirable to use as homogeneous a preparation as possible in further studies. 
Apart from the initial lag, which was conspicuous at high pressures although 
hardly appreciable at normal pressure, straight lines with a slope of ap- 
proximately 0.5 result when the logarithm of the jjercentage of the amount 
of protein in solution at the start is plotted against the logarithm of the 
time heated at 65°, with as well as without alcohol, under pressures up to 


Table I 

Injluence cf Temperature and Pressure on Amount of Precipitate Formed after Heating 
OMS Per Cent Globulin Solution for J^O Minutes at 65° and Atmospheric Pressure 


Qiccen- 
tntiga of 
ethyl 
Alcohol 

Ppt. After slAndlng 

21 hrs. at rooa 
teaperamre 

Ppt. after 21 hn. 

at 4* 

Ppt. after 21 hrs. 
at 4* onder 10,000 lbs. 
pressure 

Per cent 
increase in 
ppt- at 4* 

c¥)'” 

Per cent 
decrease in 
ppt. at 4* 
oncer 10,000 
lbs. pressnre 

(^) - 

Per cc. 
protein in 
solntion 

Per cent 

Per cc. 
protein in 
solution 

Per cent 

Percc- 
proteitt in 
sointion 

Per cent 

To 

n 

nr. 


nr- 


nr. 




mm 

3.5S 

47.8 

2.96 

57.0 

3.30 

51.9 

19.3 

8.9 

KB 

2.42 

&t.8 

2.09 

69.6 

2.27 

67.0 

7.4 

3.7 

m 

2.(H 

70.3 

1.70 

75.2 

1.94 

71.7 

7.0 

4.7 


Table n 

Influence of 10,000 Pounds Pressure for 64 Hours at Room Temperature on Amount of 
Precipitate from 0.756 Per Cent Globulin Solution Treated SO Minutes at 65° and 


Atmospheric Pressure 


Concenlra- 
Uon of 
alcohol 

Per cc. 
protein in 
solution 

Per cent 

Ta)- 

' After 64 hrs. 

Per cent 
decrease in 
ppt. under 
pressure 

I Atmospheric pressure 1 

[Under 10,000 lbs. prtssurej 

Per cc. 
protein in 
solution 

Percent 

%>■ 

Per cc. 
protein in 
solution 

Per cent 

To 

ir 

ng. 


rtg. 





0.0 

4.40 

40.1 

4.30 

41.5 

5.28 

28.6 

31.1 

0.2 

3.12 

57.5 

3.10 

57.8 

3.55 

51.7 

10.5 

0.3 

2.58 

64.9 

2.53 

65.6 

2.87 

61.0 

7.0 


5000 poimds per sq. in. Apparently the same relation holds for experi- 
ments with pressures of 10,000 pounds per sq. in., although fewer points 
are available along the curx*e, since the amount of denaturation was much 
less. The curves for the over-all reaction are thus largely the same except 
for the time scale, and the effect of pressure, as judged by these data 
obtained with the usual procedure, appiears to be independent of the 
alcohol concentration. Furthermore, the magmtude of the pressure effect 
indicates a large volume increase of activation in the denaturation process. 
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of the order of 100 cc. per mole of protein, which is of the same order as the 
value calculated for the luminescent system either in the presence or absence 
of alcohol (4). 

The authors take pleasure in acknowledging the interest as well as 
lengthy discussions and assistance of Professor Linus Pauling in connection 
with this study. 


SUMMARY 

At 65° and pH 6.0, the denaturation of highly purified human serum 
globulin at atmospheric pressure takes place at a complex rate which 
decreases progressively after about 40 per cent of the protein initially in 
solution has precipitated in the fikst 20 noinutes. To some extent, the 
change in rate may be due to heterogeneity of the molecules. The specific 
rate, however, is very nearly the same with initial protein concentrations 
between 2.0 and 0.2 per cent. 

The rate of denaturation is slowed by hydrostatic pressures up to 5000 
pounds per sq. in., but the shape of the curve is the same, except for the. 
difference in the time scale. A pressure of 10,000 pounds per sq. in. 
greatly retards the rate of precipitation and causes a marked initial lag of 
nearly an hour during which only slight precipitation occurs. The mag- 
nitude of the pressure effect indicates a volume increase of activation for 
the denaturation reaction of the order of 100 cc. per mole of protein in the 
process of activation of the reacting molecules. 

The rate of denaturation at 65° is increased by ethyl alcohol, in relation 
to its concentration, from 0.05 to 0.60 m, but the shape of the curve remains 
essentially the same. Pressure retards the denaturation in the presence 
of alcohol, apparently independently of concentration up to 0.3 m. 
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THE QTJININE-OXIDIzrNG ENZYME AND LIVER ALDEHYDE 

OXIDASE* 


Bt W. EUGENE KNOXt 

(From the Research Serriec, Third (New York University) Medical IHvisicm, 
Goldwalcr Memorial Hospital, Hew York) 

(Received for publication, February 18, 1946) 

A derivative of quinine formed in minced rabbit liver has been isolated by 
Kelsey et al. (1), and identified by Mead and Koepfli (2) as a carbostyril. 
Hence quinine is oxidized in liver with replacement of the hydrogen atom in 
poation 2 of the quinoline ring by a hydroxy group. Analogous oxidation 
products are excreted by men receiving the four principal cinchona 
altaloids. Tins change is important in the chemotherapy of malaria, 
because the oxidation of these compounds markedly reduces their anti- 
malarial activity (3), The activity of some quinoline compounds can be 
greatly enhanced if this oxidation is prevented by appropriate substitution 

(4) . The nature of the metabolic system able to perform this oxidation is 
consequentlj’ of considerable pharmacolo^cal interest, and it was hoped 
that its biochemical function as well could be approached by studying the 
reaction with a series of quinoline derivatives. By the use of such com- 
pounds as substrates, the enzyme responsible for their oxidation has been 
prepared in about 5 per cent purity. It sj)ecificaDy acts on unsaturated 
heterocyclic compounds with an active a-hydrogen and is intimately as- 
sociated with the flavoprotein, liver aldehyde oxidase. 

Methods 

Reagents — The synthetic antimalarials used were supplied by various 
laboratories cooperating with the malaria program of the Office of Scientific 
Research and Development. These “SN number” compounds are described 
hilly elsewhere (4), but were generally of a high degree of purity. Iso- 
quinoline, quinaldine, quinoline, and crotonaldehyde were redistilled in 
vacuo, and the bases recrystallized as the acid salts before use. Coenzyme I 

(5) and diaphorase (6) were prepared by the standard methods. Other 
compounds were used as obtained commercially. Propamidine was kindly 
furnished by Dr. D. F. Robertson of Merck and Company, Inc., and the 
pure quiiune carbostyril by Dr. F. E. Kelsey. 

* The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and Devel- 
opment and New York University. 

t Present address, Department of Medicine, College of Physicians and Surgeons, 
Columbia Univeraty, New York. 
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Chemical Assays — For determination of the cinchona alkaloids the 
enzyme reaction was stopped \vith metaphosphoric acid, so as to eliminate 
blank fluorescence and adsorption of the drug on the precipitated proteins 
(7). Quinine carbostyril was determined in the resulting supernatant hy 
its fluorescence at pH fO in borate buffer, and compared with a standard in 
an identical blank preparation. The quinine fluorescence is completely 
quenched at this pH. Quinine was determined by its fluorescence in ethyl- 



Fia. 1. Rate of cinchonidine oxidation as a function of enzyme concentration. 
Each Thunberg tube contained 0.3 ml. of 4 X 10“’ m cinchonidine, 0.1 ml. of 0.1 per 
cent methylene blue, and 0.1 m phosphate buffer, pH 7.6. Total volume 2.5 ml., 37°. 

ene dichloride and trichloroacetic acid after removal of quinine carbostyril 
with NaOH by an unpublished method of Brodie. Cinchonidine was 
determined by the methyl orange method of Brodie and Udenfriend (8). 
The measurements of oxygen uptake were made in a Warburg manometer 
with the usual technique. The enzyme showed no blank oxygen uptake or 
CO 2 evolution. A Beckman spectrophotometer was used in the absorption 
determinati ons . 

Assay of Enzyme — The activity of the enzyme is determined by the rate of 
methylene blue reduction with cinchonidine as substrate. A unit of enzyme 
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activity was arbitrarily chosen as that amount of enzyme in a total volume 
of 2.5 ml. wtuch would reduce 0.1 ml. of 0.1 per cent methylene blue in 60 
seconds. The reaction is carried out in phosphate buffer at pH / .6 with a 
cinchonidine concentration above 2 X 10"* M. The substrate is placed in 
the hollow stopper, the tube evacuated for 5 minutes, and the solutions 
mixed after 2 minutes incubation at 37°. Amounts of enzyune are chosen 
that will cause reduction in 20 to 60 seconds. During longer reaction 
periods the enzjune is progressively inactivated. The relation of enzyme 
concentration to the velocity of the reaction by’ this assay is shown in 

Fig- 1- 

The destruction of the enzyme during activity occurs less rapidly m 
crude preparations. Thus liver brei will ojddize quinine aerobically at a 
linear rate for about 10 minutes, and more slowly for about an hour. The 
formation of quinine carbostyril in 10 minutes can therefore be xised as an 
index of the activity’ of such preparations, provided an excess of quinine 
and oxygen is supplied. The two assay’s are not exactly comparable, how- 
ever, since the enzyme reacts more slowly with o.xygen than with methylene 
blue. 


Preparalion of Enzyme 

Rabbit liver is the only satisfactory source of the enzyme yet foimd. 
No appreciable disappearance of added quinine was observed with breis o 
dog, pig, steer, sheep, or duck livers. Sheep liver brei can inactivate e 
enzyme of rabbit liver; possibly’ the enzyme in these other ti^^ is ^ 
stroyed in the same way after mincing. This could not be avoided by t e 
usual precautions of rapid manipulation at low temperatures. ^ 

The enzyme of rabbit Uver was found to be soluble in water, to withstand 
heating to 60° for 5 minutes, and to be precipitated between 25 and 40 per 
cent saturation with ammonium sulfate. Successive application of t ese 
conditions yields about 5 ml. of a yellow-red solution from each 100 gm. o 
liver. This contains 20 units of the cinchonidine-oxidizing enzyme per 
with about 4 mg. of protein per unit, compared to 26 mg. of protem per 
unit for the oripnal brei. The enzyme is stable for over a ° 1 

kept alkaline in solutions of ammoniacal ammonium sulfate ( • o 

concentrated NHj per 100 ml. of saturated ammonium sulfate). 

These purification steps were recognized as essentially simil^ to me 
used in preparing the flavoprotein, liver aldehyde oxidase, from pig m er t ; . 
Other similarities were noted. Both enzymes are stable only in ammoma 
ammonium sulfate, both are rapidly destroyed during the catalytic prw^, 
and both are irreversibly’ inactivated by cyamde or by dialysis. - e 

preparation from rabbit liver does also have a strong aldehy e oh e 

activity. Aldehyde oxidase prepared from rabbit liver, acco go o 
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original method used by Gordon ct al., likewise oxidizes both aldehydes and 
quinolines, and is entirely similar in purity, properties, and activities to the 
first preparations of the quinoline-oxidizing enzyme. However, when 
aldehyde oxidase is prepared from pig liver by either method, no activity 
toward quinolines can be demonstrated. 

The method of Gordon, Green, and Subrahmanyan has since been used 
for all preparations. This involves treatment of rabbit liver brei at 48° 
for 5 minutes in 25 per cent alcohol, lead acetate precipitation, and repeated 
fractionation with ammoniacal ammonium sulfate between 25 and 40 per 
cent saturation. A variety of other procedures were tried, which succeeded 
neither in furthering the purification nor in separating the two actions. 
These procedures included adsorption, dialysis, pH changes, freezing, dry- 
ing, and precipitation with alcohol. 

Characteristics of Enzyme 

Since the agents responsible for quinoline and aldehyde oxidations could 
not be separated, both reactions have been studied for comparison. This 
enzyme oxidizes aldehydes to the corresponding acid with formation of 
equivalent amounts of hydrogen peroxide. 

Reaction with Quinolines — The equation for the oxidation of quinine is 

Quinine + HtO -i- Oi = quinine carbostyril + HjOi 

This was established by measurements of the reaction with both quinine and 
cinchonidine, compounds which differ only by the presence of a methoxy 
group in the former. Quinine, because of the ease with which its oxidation 
product can be determined, was used to show the equivalence of alkaloid 
oxidized to the carbost3Til formed. Cinchonidine, being more soluble and 
more rapidly oxidized, was used in the measurements of oxygen uptake. 
The results are shown in Table I. It will be noted that the molar ratio of 
oxygen absorbed to cinchonidine removed is 0.6, instead of 1.0 as expected 
if H2O2 is a product. This is due to liberation of oxygen from some of the 
H2O2, a reaction referable to the catalase present as an impurity in the 
enzyme preparation. Keilin and Hartree’s observation (10) that hydrogen 
peroxide can oxidize alcohol in the presence of catalase makes it possible to 
prove that H2O2 is formed during the oxidation simply by adding ethyl 
alcohol. This is shown in the last two experiments of Table I. The oxygen 
released by the fission of H2O2 was removed in this way and the molar ratio 
of oxygen taken up to cinchonidine oxidized is seen to approximate 1.0. 
No oxygen uptake occurs with the enzyme and alcohol alone. 

That oxidation occurs only in the 2 position of the quinoline ring was 
fiuther confirmed by identif3dng the product of the oxidation of quinoline 
itself. After overnight aeration with 30 ml. of enzyme, 200 mg. of quinoline 
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were shown by spoctrophotometric anals’sis to be quantitatively converted 
to a compound gi^'ing the absorption curs'e of carbostjTil. Quinoline 
treated similarly with heat-inactivated enzjTne was unchanged. The carbo- 
stj-ril was isolated in asbestos-like crystals by ether extraction and precipi- 
tation from 0.1 N XaOH with CO-, and recrystallized from alcohol and 
water. It was sparingly soluble in water, gave no color with ferric chloride, 
formed a barium salt crystallizing in leaflets, and melted at 196-197“. The 
mixed melting point with carbostyril (m.p. 196-197°) was unchanged 
(temperatures uncorrected). 


Table I 

Balance oj Quinine or Cinchonidinc Disappearance idih Quinine Carboslyril Formation 

and Oxygen Uptake 

Warburg vessels containing 0.4 ml. of enzyme, total volume 3.0 ml.; air in gas 
space; 37®. Quinine experiments, incubated 1 hour with 1.0 ml. of saturated qni- 
mne, 0.1 m phosphate buffer, pH 7.2. Cinchonidine experiments, incubated 20 
minutes with 1.5 ml. of 4 X 10"’ M cinebomdine, 0.1 M phosphate buffer, pH <.5; 
the last two experiments also contained 0.1 ml. of ethyl alcohol. 


Sobstmte 

Subslnte 

dis- 

appearance 

Quinine i 
carboitynl 
foraed 

Oiystn 

oplike 

Quinine carbostyril 

Ot 

Ouinine 

Cvccbosidice 


u 

u 

if 



Quinine . 

1.42 

1.32 


0.93 


(1 

1.43 

1.30 


0 91 


Cinchonidine ... . 

2.57 


1.69 


0.66 

(t 

3.23 


2.06 


0.62 

tt 

2.65 


1.73 


0.65 

“ 4- alcohol 

1.99 


1.97 


0.99 

“ + " 

1.86 


1.72 


0.93 


Suhslrale Concenlraiion — The maximum rate of cinchonidine oxidation at 
pH 7.6 occurs with concentrations of 2 X 10""* m or higher. By the use of 
one-6fth the usual concentration of methylene blue, a rate approximately 
half the maximum was observed with an initial cinchonidine concentration 
of 0.5 X 10-* M. Quinine at pH 7 shows a maximum rate with concentra- 
tions above 5.4 X 10“* m and a half maximum rate at about 1.7 X 10~* m 
(Fig. 2). Cinchonine and quinidine react maximally only' at the somew hat 
higher concentration of 8 X 10""* m. 

The optimum substrate concentration for crotonaldehyde oxidation at 
pH 8.3 is 0.060 m or higher. A half marimum rate occurs with 0.017 M 
crotonaldehyde (Fig. 3). 

Optimum pH — ^The rates of cinchonidine and quinine oxidations at 
different pH x’alues in phosphate buffers are seen in Fig. 4. In borate 
buffers the rates of these oxidations are about 50 per cent less. 


\ 
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Fig, 2. Effect of quinine concentration on the rate of its oxidation. Each tube 
contained 0.3 ml. of en 2 }Tne, 0.1 ml. of 0.1 per cent methylene blue, 0.06 m phosphate 
buffer, and various amounts of 1.5 X 10"’ M quinine in buffer. Total volume 2.4 ml., 
37°. ® = saturated by the addition of crystalline quinine. 



Fig. 3. Effect of crotonaldehyde concentration on the rate of its oxidation. Each 
tube contained 0.3 ml. of enzyme, 0.1 ml. of 0.1 per cent methylene blue, 0.1 m borate 
buffer, pH 8.3, and various amounts of 0.5 m crotonaldehyde. Total volume 2.5 
ml., 37°. 

The rate of aldehyde oxidation is optimum at pH 8.2 to 8.6, and is the 
same in borate or phosphate buffers. 

Specificity — It is apparent from the data in Table II that many com- 
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pounds with an a-hydrogen in a quinoline, isoqtiinoline, or substituted 
pjuidine ring can be oxidized. This oxidation is prevented by substitution 
of a phenyl or carboxyl group for the a-hydrogen. Quinaldine, which has 
an a-methyl group, is oxidized, but here too the methyl hydrogen atoms are 
nearty as active as the quinoline a-h3'drogen. The rate of oxidation is 
affected by substituents elsewhere in the structme that would be e.xpected 
to alter the activity of the a-hydrogen. Thus a 6-methoxy group decreases 



pH 


Fig. 4. Rates of quinine (A) and cinchonidine (O) oxidations as a function of pH. 
In each tube 0.3 ml. of enzyme, 0.1 ml. of 0.1 per cent methylene blue, 0.15 m phosphate 
buffer, and either 0.3 ml. of 4 X 10"' m cinchonidine or I.O ml. of saturated quinine 
hydrochloride. Total volume 2.5 ml., 37°. The final pH was determined with the 
glass electrode. 

the rate of oxidation in the cinchona alkaloids and in the simpler quinolines. 
This also occurs with chloro and even more with dichloro substitution. The 
8-aminoquinoline, plasmochin, is not oxidized at all. Alkj’lation of the 
pyridine or quinoline nitrogen, which increases the activity of the a-hj’dro- 
gen, in both N'-methj’lnicotinamide and quinoline ethiodide also incre-ases 
the rate of oxidation markedlj'. 

The slower oxidation of methoxy-, chloro-, and anuno-substituted 
quinolines suggests that the enhanced antimalarial effect of quinolines 
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possessing such groups may be due in part to a decreased rate of enzymic 
inactivation in the body. The rate of this oxidation is apparently deter- 

Table II 

Specificity of Quinoline-Oxidizing Enzyme 
Thunberg experiments, in each tube 6 units or less of enzyme, 0.1 m phosphate 
buffer, pH 7.6, 0.1 ml. of 0.1 per cent methylene blue, and 2.4 X 10”’ m substrate; 
total volume 2.5 ml.; 37°. Values are in per cent of the cinchonidine rate under 
the same conditions. Reduction limes longer than 1 hour are expressed as (+). 
Controls without substrate or without enzyme were not reduced in 48 hours. 


Substrate Relative rate 


Cinchonidine 100 

Quinine 15 

Cinchonine 7 

Quinidine 0.6 

SN2549, 4-a-(2-piperidyl)quinoline methanol 143 

SN8539, SN2549 with 7-chloroquinollne 62 

SN2157, SN2549 “ 6 -me thoxy quinoline 42 

SN10956, SN2549 “ 6-methoxy-2-methylquinoline (-h) 

SN8534, SN2549 ‘‘ 6-chloroquinoline 41 

SN10276, SN2549 “ 8-chloroquinoline 49 

SN10278, SN2549 “ 6,8-dichloroquinoline 25 

SN8538, SN2549 “ 2-phenylquinoline 0 

SN7618, 6-chloro-4-(diethylaminomethylbutyl)aminoquinoline (-1-) 

SN7135, SN7618 with 2-methylquinoline (-f) 

Quinoline 51 

Isoquinoline 63 

Quinoline ethiodide 160 

4-Methylquinoline (lepidine) 37 

4-Carboxyquinoline (cinchoninic acid) 0 

6-Methoxyquinoline 0 

8-Aminoquinoline 2.5 

8-Amino-6-methoxyquinoline 1.0 

8-Hydroxy quinoline (-{-) 

Quinaldine 31 

4-Chloroquinoline 31 

4.7- Dichloroquinoline (-f) 

4-Hydroxyquinoline-2-carboxyllc acid (kynurenic acid) 0 

4.8- Dihydroxyquinoline-2-carboxylio acid (xanthurenic acid) 0 

Nicotinic acid and amide (-F) 

N‘-Methylnicotinamide 37 

Coenzyme I (-F) 

Dihydrocoenzyme I (-f) 


mined by the a-hydrogen, while the antimalarial effect persists even in the 
absence of this group. 

The action of the enzyme on N'-methylnicotinamide raised the pos- 
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sibility that it might also function on the pyridine nucleotide coenzymes 
somewhat as does diaphorase. Though no information is available about 
any enzyme similar to this one in the malaria parasite, such a mechanism 
might explain the action of q uinin e. However, the enzyme does not 
oxidize coenzyme I or dihydrocoenzyme I at a significant rate. Further- 
more, qmnine and cinchonidine do not inhibit the action of diaphorase. 
Haas obser%'ed a similar lack of specific inhibition from quinine with di- 
hydrocoenzjme II oxidation by cytochrome reductase (11). 

The failure of the enzjTne to oxidize other structurally suitable com- 
pounds can generally be correlated with the absence or inactivity of the 
«-hydrogen atom in a heteroc 3 ’elic ring. Various other heterocj'clic and 
aromatic compounds besides those listed were tested. Thus the acridine 
(atabrine), purine (adenine and hypoxanthine), imidazole (histamine), and 
benzene (Z-tjorosine) ring sj-stems are not oxidized. Indole itself, but not 
Z(— )-tryptophane, and pjTrole, but notN-eth\'lpjTrole, are slowly oxidized. 
The enzyme does not oxidize pjaidine, a-picoline, piperidine, p 3 Tidoxine, or 
arecoline. 

The same enz 3 me preparations acting on the above compounds also 
oxidize crotonaldeh 3 'de and benzaldeh 3 ’’de in the anaerobic system respec- 
tively at 166 knd 90 per cent of the rate of cinchonidine oxidation. Acet- 
aldeh 3 'de is rapidl 3 ' oxidized but its Tolatilit 3 ' precludes accurate meas- 
urement of its rate b 3 ' this method. The ratio of quinoline and aldehyde 
oxidation rates did not change during the later stages of purification of the 
enzyme and was the same in all preparations. No other oxidative enz 3 mic 
functions were found in the purified preparations. Occasionally a pre- 
paration showed traces of xanthine oxidase or Z-amino acid oxidase activity', 
but this was removed by the ammonium sulfate fractionation. 

Inhibition — ^In Table III it will be seen that equal inhibitions of both 
aldehyde and quinoline oxidations are produced by cy'anide, propa midin e, 
and plasmochin. A saturated solution of caprylic alcohol likewise mhibits 
both activities. The inhibition of cinchonidine oxidation by' S-hy'droxy'- 
quinoline, which is itself slowly' oxidized, suggests that plasmochin too may 
inhibit by combining specifically' with the enzyme. The failure of the 
slowly oxidized pyridine derivatives to inhibit cinchonidine oxidation 
probably reflects their lower affinity' for the enzyme. 

Simullaneotis Oxidation of Quinolines and Aldehydes — No summation of 
the rate of either oxy'gen uptake or of methy'Iene blue reduction occurs 
when the enzyme acts simultaneously' on both types of substrate. The 
rate is often slower than with either substrate alone. The interference is 
well showm by manometric experiments in which both oxygen uptake and 
cinchonidine disappearance were measured. Cinchonidine in a* concentra- 
tion of 2 X 10"* M had an initial rate of oxygen uptake of 12.1 microliters 
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per 2 minutes, and during the 20 minute experiment 1.73 micromoles of Oj 
and 2.64 micromoles of cinchonidine reacted. Crotonaldehyde alone caused 
a similar rate of oxygen uptake. However, in the presence of 0.07 m croton- 
aldehyde as well as cinchonidine, the initial rate of oxygen uptake fell to 
3.5 microliters per 2 minutes, and only 0.72 micromole of O 2 and 0.28 mi- 
cromole of cinchonidine reacted. SimUar interference with the anaerobic 
oxidation of cinchonidine is produced by the presence of aldehyde. 

Table III 

Inhibitors of Cinchonidine and Crotonaldehyde Oxidation 
Thunberg experiments, 0.3 ml. of enzyme, 0.1 m phosphate buffer, pH 7.5, 0.1 ml. 
of 0.1 per cent methylene blue; total volume 2.5 ml.; substrate and methylene blue 
in hollow stopper, inhibitor with enzyme in tube; incubated 2 minutes at 37° before 
mixing. 


Inhibitor 

Substrate 

Inhibition 


if 


if 

per cent 

Cyanide 

l‘X 10-2 

Cinchonidine 

4.8 X 10-2 

97 


1 X 10-2 

Crotonaldehyde 

8 X 10-2 

97 

Propamidine 

4 X 10-< 

Cinchonidine 

4.8 X 10-2 

50 

“ 

4 X 10-< 

Crotonaldehyde 

8 X 10-2 

82 

Plasmoohin 

4 X 10-‘ 

Cinchonidine 

4.8 X‘10-2 

45 

tt 

8 X 10-^ 

Crotonaldehyde 

8 X 10-2 

41 

8-Hydroxyquinoline 

2.4 X 10-2 

Cinchonidine 

4.8 X 10-2 

87 

SN7618 

8 X 10-< 

1 tt 

4.8 X 10-2 

0 

Atabrine 

2 X 10-2 


4.8 X 10-2 

60 

Nicotinamide 

2.4 X 10-2 

1 

4.8 X 10-2 

0 

N*-Methylnicotin- 

2.4 X 10-2 

(( 

4.8 X 10-2 

0 

amide 





Noval diamine 

2.4 X 10-2 

tt 

4.8 X 10-2 

5 

SN8538 

2.4 X 10-2 

ft 

4.8 X 10-2 

0 


Reversal of Quinine Oxidation — ^The mutual interference of the two re- 
actions can be attributed partly to a dismutation as well as to competition 
for one enzyme. Thus, in an anaerobic system containing aldehyde the 
enzyme will reduce some quinine carbost 3 Til to quinine. With 1 ml. of 
enzyme, 99 7 of quinine carbostyril, and 0.4 ml. of 0.5 m crotonaldehyde 
mixed anaerobically and incubated 20 minutes, amounts of 0.9 to 1.1 7 of 
quinine are formed. This amount, though small, is readily determined 
by the fluorometric method. The quinine was further identified by its sol- 
ubility in ethylene dichloride at different pH values and by its characteris- 
tic pH-fluorescence curve. 

Nature of Prosthetic Group — ^Like the aldehyde oxidase of pig liver, the 
enzyme of rabbit liver is also a flavoprotein. The flavin is easily demon- 
strated after splitting the purified preparation by heating at 70° and pH 
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3.8 for 5 minutes. The yellow supernatant shows the typical absorption 
cun’e of a fla\Tn nucleotide with maxima at 265, 373, and 451 m;i. It was 
identified as flaxdn adenine dinucleotide by use of the split d-amino acid 
oxidase sj'stem. (12). All the flavin present is in this form, since assays by 
this method or by the total absorption at 451 mfi agree within the experi- 
mental error. Calculated as riboflavin, the enzyme contains 1.1 7 per unit 
of aldehyde oxidase activity, in the units used by Gordon and coworkers. 
In their purified aldehyde oxidase from pig liver, these earh'er workers also 
found 1 . 1 7 of riboflavin per unit. 

Quantitative reduction of this flavin in the intact enzyme by aldehyde 
could not be demonstrated, since the absorption at 451 m.u referable to 
flavin is only 10 per cent of the total light absorption. However, addition 
of acetaldehyde to the enzyme in the absence of oxj'gen decreases the 
absorption at this wave-length approximately as expected from the specific 
reduction of the flavin group. In the same way, cinchonidine similarly 
decreases the absorption at 451 m^- And since Hj 02 is formed during the 
oxidation of cinchonidine, it is most likely that the same flavin also acts as 
the prosthetic group or as a hydrogen acceptor in this reaction. 

The enzjTue contains 0.7 7 of riboflavin per unit of cinchonidine activity. 
Assuming one flavin group per molecule, the turnover number is 150 for 
the enzyme acting on cinchonidine in the anaerobic sj-stem. If a mole- 
cular weight of 70,000 is assumed for this enzyme in common with other 
flavoproteins, a preparation which contained 0.05 per cent ribofla-vin and 
1.3 mg, of protein per unit is calculated to be about 5 to 10 per cent pure. 

DISCUSSION 

The aldehyde ojddase of rabbit liver is identified with that of pig liver 
by their similar characteristics and equal amounts of riboflavin per unit. 
Consequently the association of the aldehyde oxidase with the quinoline- 
oxidizing enzyme in rabbit liver and its absence in pig liver are difficult to 
explain. Yet the similarity of the two enzymes in rabbit liver is striking. 
They possess similar characteristics in regard to solubility, heat resistance, 
adsorption, stability in ammoniacal ammonium sulfate, and lability on 
dialysis and acidification. They also show appro.ximately the same degree 
of activity, the same inhibitions, and undergo a similar destruction during 
activity. There is a difference in pH optima, which is perhaps explicable in 
terms of the decreased solubility of the quinoline compounds at alkaline 
pH, and a difference in the effect of borate buffers as yet imexplained. 
These similarities and the mutual interference of the two substrates suggest 
that the two reactions must share at least one element in the oxidation 
pathway. The evidence seems to indicate that one element both reactions 
share is the flavin group. 
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The quinoline oxidation cannot be simply a unique extension of the alde- 
hyde oxidase specificity. The oxidation of quinoline may well be a dehydro- 
genation of the dihydro-a-hydroxy derivative formed by the addition of 
water to the nitrogen and migration of the hydroxy group to the a position 
(13) . Aldehyde oxidation is also thought to be a dehydrogenation reaction. 
However, if the same active groups that oxidize aldehydes also oxidized 
quinolines, the very active aldehyde oxidase of pig hver should oxidize 
quinolines. This inactivity of the enzyme from pig liver can best be ex- 
plained by the destruction of the separate active groups for quinoline upon 
mincing the tissue. The association of the two actions, at least in rabbit 
liver, may therefore result from a common protein moiety. This would be 
very similar to the association of both aldehyde and purine oxidations with 
xanthine oxidase. 

The reversal of quinine o.xidation by coupling it with aldehyde oxidation 
also suggests that this is an enzyme with two different sets of active groups 
and a single head, the flavin prosthetic group. A similar view of the other 
dual function enzyme, xanthine oxidase, is held, since Booth (14) has 
demonstrated that the anaerobic oxidation of salicylaldehyde by xanthine 
oxidase will reduce uric acid to hypoxanthine. 

As yet a readily acceptable substrate for the quinoline-oxidizing function 
in metabolism is lacking. In view of the demonstrated specificity of the 
enzyme for the a position, its failure to oxidize kynurenic and xanthurenic 
acids was to be expected, although these are the only known quinoline com- 
pounds occurring physiologically. If a reaction similar to the oxidation of 
quinolines occurs physiologically, the substrate must presumably possess 
an oxidizable a-hydrogen in a heterocyclic ring. N’-Methylnicotinamide, 
which reacts at least 70 times as rapidly as nicotinamide itself, may well 
undergo this o.xidation in the body. The product of this oxidation, which 
would be expected to be the a-pyridone derivative, does not fluoresce under 
the conditions used to determine the parent compound (15). This oxida- 
tion may therefore account for the disappearance of N’-methylnicotinamide 
administered to men that was observed by Perlziveig and Huff (16). 

SUMMARY 

1. The enzyme of rabbit liver oxidizing quinine and other quinolines to 
their carbostyrils has been prepared in about 5 per cent purity. The 
solution contains 0.7 y of riboflavin per unit of activity. The flavin 
is reduced anaerobically by cinchonidine. Aerobically H 2 O: is formed in 
the reaction. 

2. The enzyme has a pH optimum between 7.4 and 7.6, and reacts with 
cinchonidine concentrations above 2 X 10“^ m at a maximum rate. It 
reacts directly with oxygen but more rapidly vith methylene blue, and is 
rapidly destroyed during catalysis. 
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3. The oxidation of quinolines is limited to the a position and the rate of 
oxidation is correlated with the activity of the a-hydrogen. Quinolines, 
isoquinoline, and some pyridine derivatives are oxidized. 

4. The physiological compound most rapidly oxidized is N‘-methyl- 
nicotinamide. 

5. The enzyme has properties similar to, and is associated with the 
flavoprotein, liver aldehyde oxidase. All the flavoprotein present is ac- 
coimted for by the aldehyde oxidase. The simultaneous oxidation of 
aldehyde and quinoline is slower than their separate rates. The anaerobic 
oxidation of aldehyde will reduce the quinine carbostyril to quinine. 

6. The enzyme is considered to be a flavoprotein with two functions like 
those of xanthine oxidase. 

The flavin adenine dinucleotide assays were kindly made by Dr. P. K. 
Stumpf. Dr. G. L. Hobby of Chas. Pfizer and Company, Inc., and Dr. 
Herbert Stoerk were most helpful in providing rabbit livers. 
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A MODIFIED PROCEDURE FOR THE PREPARATION OF 
PROTOPORPHYRIN IX DIMETHYL ESTER FROM 
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(Received lor publication, February 21 , 1916) 

Protoporphyrin IX dimethyl ester, a crystalline compound vrith a 
definite melting point, is generaUj’ used to identify protoporphjTin IX 
Various methods of preparation (1-A) have been described in the literature. 
As indicated by Grinstein and Watson (5, 6), application of chromatogra- 
phic separation is necessary in order to obtain a pure product. By follotving 
the procedures thus far described in the literature the same conclusion 
has been reached. However, by modifying the procedure as heretofore 
described, we have been able to obtain the product in a pure state without 
the necessity of appljing chromatographic separation. 

A solution of crude protoporphjTin IX was prepared from defibrinated 
blood by Hamsik’s procedure (7) with some modifications. Either citric 
acid or salicylic acid can be used in the place of oxalic acid. The solution 
of crude protoporphyrin was then successively extracted with ether and 
10 per cent hydrochloric acid and converted into the dimethyl ester, as des- 
cribed below. For crystallization of the ester it has been found that a 
mixtme of acetone and ether is more satisfactory than chloroform and 
methanol. 

This procedure has been successfully employed to prepare crystalline 
protoporphyrin IX dimethyl ester from a sample of red blood cells as small 
as 0.15 ml. In the case of small samples, the amounts of materials used are 
proportionally reduced and the time of reaction shortened. 

EXTERtMESTAI, 

A sample of 5 ml. of red blood cells, after being separated from the 
plasma by centrifuging, was thoroughly stirred with 50 ml. of acetone. The 
precipitate was collected on a sintered glass filter and then refluxed for 
15 to 20 minirtes with 100 ml. of acetone solution containing 10 gm. of 
oxalic acid. The reaction mixtirre was cooled and mixed successively with 
5 gm. of stannous chloride and then 20 ml. of concentrated hj’drochloric 
acid. It was allowed to stand at room temperature for 1 to IJ hours. 
A saturated solution of sodium acetate was then added until the purplish 

* Aided fay a grant from the John and Mary R. Marble Foundation, A'err York. 

t On leave from the University of Peking, China. 
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red solution turned to a broAvnish red. With addition of 5 ml. of glacial 
acetic acid and filtration (or centrifugation) the supernatant solution or 
filtrate was extracted three times with 20 ml. of ether. In case there was 
no separation of two layers at this point, more ether was added. The 
ether solution was extracted with 10 ml. of 10 per cent hydrochloric acid 
three to four times. The 10 per cent hydrochloric acid extract (also con- 
taining some acetone and ether) was mixed with a saturated solution of 
sodium acetate until a brownish red color resulted. The ether layer was 
separated off and washed with a little water. The extract was again ex- 
tracted with 5 ml. of 10 per cent hydrochloric acid three times. The com- 
bined 10 per cent hydrochloric acid extract was mixed with an equal 
volume of methanol previously saturated with hydrogen chloride, and 
allowed to stand at room temperature for 2 to 3 hours. Then a saturated 
solution of sodium acetate was added until the solution became brownish 
red. It was extracted with chloroform twice. The chloroform extract was 
washed with 10 per cent ammonium hydroxide, 7 per cent sodium chloride, 
and a little distilled water. The filtered chloroform solution was distilled 
on a steam bath to remove the solvent. The residue was stirred with a 
mixture of acetone and ether (1:2) and centrifuged. The dark red prisms 
thus obtained melted at 223°; yield 5 to 7 mg. of protoporphyria IX 
dimethyl ester per ml. of red blood cells. 

Thus far it has been found that 10 per cent hydrochloric acid solution 
is the best medium for esterification. Either 5 or 25 per cent hydrochloric 
acid solution gave unsatisfactory results. 

SUMMARY 

A modiBed method of preparing pure protoporphyrin IX dimethyl ester 
from hemoglobin, without application of chromatographic separation, has 
been described. It has been applied successfully to micro as well as 
macro samples of red blood cells. 

For crystallization of the ester a mixture of acetone and ether (1:2) 
is more satisfactory' than chloroform and methanol. 

The author wishes to thank Dr. C. J. Watson for reading the manuscript 
and some suggestions. 
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THE EFFECT OF HYPOPHYSECTOMY AXD ADRENO- 
CORTICOTROPIC HORMONE ON THE ALKALINE 
PHOSPHATASE OF RAT PLASMA* 
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Effect of Hypophyseciomy 

It is well known that the phosphatase content of bone, kidney, liver, 
and blood may change under varying conditions of growth, diet, and 
disease (1). Among these tissues, blood perhaps furnishes the over-all 
changes of this enzyme activity. Weil (2) found a rise in plasma phos- 
phatase activity from birth to maturity during the growth of normal 
rats. Einard and Chanutin (3) have reported that the phosphatase 
content of the whole rat increases from the time of birth. There is ample 
evidence that certain bone diseases cause a marked alteration in plasma 
phosphatase (4). Furthermore, phosphatase has been shown to play a 
part in bone regeneration (5). 

. The effects of hj-pophj’sectomy on bone histology have been described 
recently by Becks, Simpson, and Evans (6). The immediate reaction is 
a thinning of the cartilage plate, and after longer postoperative intervals 
the bony trabeculae become coarser and less niunerous. Since the phos- 
phatase activity is intimately related to changes in bone, one may e.vpect 
that changes may occur in plasma phosphatase after hypopbysectomy. In 
a survey of the literature, there appears only one report (7) on serum 
phosphatase actirity in hj'pophysectomized rats. 

ESPERIME^TAI, 

Male rats used were of the Long-Evans strain. Hypophysectomy was 
performed at 40 days of age by the parapharyngeal approach. The 
completeness of the operation was ascertained at autopsy by examination 
of the seUa turcica. The animals were maintained on the usual diet of 
this laboratory ad libitum. Blood was taken from the inferior vena cava 
after the animals were anesthetized hy the intraperitoneal administration 
of sodium amytal. 4 per cent sodium citrate solution (0.5 cc. per sample) 
was used as the anticoagulative agent. The alkaline phosphatase in the 
plasma was determined immediately or within 24 hours. The plasma 
samples were always kept frozen at — lo”. 

• Aided by grants from the Research Board of the Enivetaity of CaUfomia and 
from the Rockefeller Foundation, New York. 
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The alkaline phosphatase activity was estimated by a modification of 
the method of IQng and Armstrong as described by Binkley, Shank, and 
Hoagland (8); at least three determinations were carried out on each 
plasma sample. The Cenco-Sheard-Sanford photelometer with orange 
filter was employed for recording the color intensity. 

The micro-Kjeldahl method was used for nitrogen determination. The 
phosphatase potency was expressed either in units’ per 100 mg. of nitrogen 
or per 100 cc. of plasma. 

Plasma Phosphatase Content of Normal Male Rats — ^Results on the 
plasma alkaline phosphatase activity of male rats of different ages are 
summarized in Table I. It Avill be noted that the phosphatase activity 
increases from 21 to 40 days of age and remains practically constant up 


Table I 

Phosphatase Content in Plasma of Male Rats at Different Ages 


Age 

No. of 
rats 

Bodyweight 

N per cc. plasma 

Phosphatase 

PcrlOOmg.N 

Per 100 cc. 
plasma 

days 


gm. 

mg. 1 

units 

units 

21 

10 

47.5 ± 1.65* 

7.00 ± 0.28 

4.17 ± 0.45 

29.2 

40 

11 

142.0 ± 3.07 

7.71 ± 0.14 

5.67 ± 0.45 

43.8 

40 

lot 

126.3 ± 3.50 

7.94 ± 0.11 

1 4.89 ± 0.35 

38.8 

55 

10 

211.5 ±6.64 

8.43 ± 0.11 

4.90 ± 0.40 

41.3 

90 

10 

257.6 ± 5.94 

9.56 ± 0.17 

4.52 ± 0.61 

43.3 


* Mean ± standard deviation, 
t Fasting 48 hours. 


to 90 days of age when the enzjrae activity is expressed on the basis of 
100 cc. of plasma. When the phosphatase potency is e.xpressed in imits 
per 100 mg. of N, the activity seems to decline after 40 days of age.® It 
has been recorded by Weil (2) that “the high plasma phosphatase activit}'- 
of the rat 1 month old decreases gradually with the maturit}'' of rat, but 
remains above the original low enzyme value.” The same conclusion 
was also arrived at by Gould (9). 

It is of interest to note that the nitrogen concentration in the plasma 
increases gradually from 7.0 mg. to 9.56 mg. per cc. as the rats grow from 

* A unit of alkaline phosphatase is that amount of activity which will liberate 1 
mg. of phenol in 30 minutes in barbiturate buffer of pH 9.7. ^ 

5 From nine rats 7 days of age with an average body weight of 17.0 gm., we have 
obtained the plasma alkaline phosphatase activity of 4.75 units per 100 mg. of nitro- 
gen. The nitrogen content of the plasma is C.2 mg. per cc. These values were se- 
cured from one sample of pooled plasma. It appears that the enzyme activity of 
these young rata seems to be lower than that of the 40 day-old animals. 
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21 days to 90 days. The latter value agrees with that reported by Levin 
(10) who found that serum in adult male rats eating ad libitum contains 
6.04 per cent protein or 9.66 mg^' of nitrogen per cc. 

The effect of fasting on the plasma phosphatase has been studied by 
Weil and Russell (11) and Grould (9). They found that normal rats show 
a decrease of enzyme activity after fasting for 24 hours. However, Gould's 
experiments with fat-fed animals indicated that 1 day of fasting caused 
little change in the serum phosphatase level. As shown in Table I, there 
is a definite lowering of plasma alkaline phosphatase after 48 hours of fasting, 
but less marked than that observed by .Weil and Gould. 

Plasma Phosphatase Content of Hypophyseclomized Male Rats — ^From 
Table II, it is evident that hypophysectomy decreases the al k aline phos- 

Tabke II 


Phosphatase Content in Plasma of Hypophysectomized Male Rats at Different 
Postoperative Periods 

40 days old at operation. 


Post- 

Kq, ot 1 
rats 1 

1 Body ? 

reigbt 1 

■N per cc. plasma. ^ 

Btosphatase 

ope»« 

tire 

Initial 

Tunl ! 


Per 100 12 ^. N 

Per 
100 cc. 
plasma 

dsyi 


gn. 

rn. 

nr- ' 

ur.its 


0 

11 

142.0 ± 3.10’ 


7.71 ± 0.14 

5.67 d= 0.45 

43.8 

4 

10 

144.7 i: 3.12 

130.6 ± 2.82 

8.77 ± 0.16 

4.23 ± 0.31 

37.1 

8 

10 

154.5 ±4.45 

133.3 ± 3.88 ' 

8.96 ± 0.24 

3.45 ± 0.34 

30.9 

15 

17 

147.1 ± 1.9S 

124.6 ± 2.02 ' 

8.67 ± 0.16 

3.46 ± 0.22 

30.0 


• Mean ± standard deviation. 


phatase activity of male rat plasma. In the 4th day after the operation, 
the phosphatase level changes from 43.8 to 37.1 units per 100 cc. of plasma. 
The enzyme level continues to fall but becomes constant after 8 days 
after hypophysectomy. 

It is very well known that hypophysectomy causes atrophy of the adrenal, 
thyroid, and reproductive oigans as well as the cessation of body groivth. 
Therefore, the influence of hj'pophysectomy on the plasma phosphatase 
may be attributable to ov'er-aU changes in the function of the adrenal, 
thyroid, and reproductive organs as well as to the cessation of body growth. 
For instance, a lowering of serum phosphatase has been observed by Watson 
(12) after injection of adrenal cortical extract and an increase of the en- 
zyme upon the administration of testosterone propionate (13). Moreover, 
thyroxine is known to increase the phosphatase content of the bone (14). 
Since, as already mentioned, rapidly growing rats have a higher phosphatase 
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level in the serum, it may be expected that a loss of body weight may 
produce a lowering of the enzyme activity. The depression of alkaline 
phosphatase in male rat plasma after h 5 Tjophj'sectomj’’ may therefore be 
e.xplained by the loss of growth, on lessening in function of thyroid or 
gonad, or the combination of these factors. On the other hand, from the 
lowering in adrenal function due to the removal of the pituitaiy’’ one would 
expect an elevation of the plasma phosphatase level. It is clear from the 
data just presented that the influence of lessened adrenal function is 
completely overshadowed by the effect from the other deficiences which 
result from hypophysectomy. 

It is of interest to compare our results -with those obtained by Jones and 
Shinowara (7). They found that hypophysectomy causes an elevation 
of serum phosphatase actiidty. Their observations were made with female 


Table III 

Phosphatase Content in Plasma of Normal and Hypophyscctomized Female Rats 


1 

lype of anitna] | 

1 

No. of animals 

Body weight 

Phosphotase per 

100 mg. N 


1 

£m. 

untUc 

Normal* 

10 

106.6 ifc 2.6 

6.05 =b 0.40 

Hypophysectomy 

ist 

74.1 ± 1.5 

1 3.01 ± 0.38 


m 

69.8 ± 2.3 

3.11 ± 0.30 


* 41 to 42 days old. 

t Operation at 26 to 28 days of age; 11 to 18 days postoperative, 
t Operation at 26 to 28 days of age; 20 to 24 days postoperative. 


rats. It was thought that the disagreements betw'een our findings and 
theirs may be due to the sex difference of the animals employed. We 
have therefore investigated the alkaline phosphatase content of hypophy- 
sectomized female rats as compared to their normal female controls. 

Table III summarizes the results obtained with normal and h 3 TJophy- 
sectomized female rats. The animals were operated upon when 26 to 28 
days of age; twm groups of different postoperative periods w'ere used: 
11 to 18 days and 20 to 24 days. No evident difference was observed in 
the phosphatase level betw'een these two groups of hypophj'^sectomized 
rats. The normal animals employed were 41 to 42 days old and their 
plasma phosphatase actbity sensed for comparison. It is clear that, as 
found in male rats, the plasma alkaline phosphatase content in hypo- 
physectomized female rats is definitely lower than that in normal animals. 

Effect of Adrenocorticotropic Hormone 

The relationship of the adrenals to phosphatase in animal tissues has 
been studied by a number of investigators. Williams and Watson (15) 
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have showa that corticosterone reduces the phosphatase content in rat 
femurs, while desoxycorticosterone acetate produces an increase. In an 
earlier paper Watson (12) reported that adrenal cortical extract lowers 
the serum phosphatase but desoxycorticosterone acetate has no effect. 
Furthermore, adrenalectomy produces a marked lowering of phosphatase 
in the cat kidney (16). It would appear of considerable interest to in- 
vestigate the plasma alkaline phosphatase level in animals with adrenals 
hypertrophied by the administration of adrenocorticotropic hormone. 

In Table IV, results obtained with hypophysectomized male rats are 
su mma rized. The adrenocorticotropic hormone was isolated from sheep 
pituitaries by the.method previously described (17). Male rats hypophy- 
sectomized at 40 days of age were injected intraperitoneaUy immediately 


Table IV 

Effect of Adrenocorticolropic Bormone on Phosjihalase Content in Plasma of 
Bypophyseetomized Male Rats 


Expcriaent 
on n Tits 

Body weight 

Adt«&%Ls 

N per cc. 

1 

FhospluUse 

Iidtial 

Haal 

Fcr JOO raj, K 

Per 

ICO 

cc. 

pll5> 

xnx 



1 tn. 

nt. 

ng. 



Injected*.. 

144.6 ± 2.52t 

ill2.7 ± 2.49 

25.0 ± 1.10 

9.63 ± 0.24 

2.61 ± 0.24 


Control 

147.1 ± 1.98 

124.6 d=2.02 

10.5 ± 0.45 

8.67 ± 0.16 

3.46 ± 0.22 



* Rats hypophysectomized at 40 days of age; injections with 020 mg. of hormone 
daily began on the day of operation once daily for 15 days except Sundays; i.c., thir- 
teen injections in 15 days. 

t Mean ± standard deviation. 

after operation with 0.2 mg. of adrenocorticotropic hormone daily (except 
Sunday) for 15 days. As was shown in an earlier report (17), this daily 
dose is sufBcient to maintain the weight of adrenals at 25.0 mg., while the 
hypophysectomized controls have adrenal weights of 10.5 mg. The data 
indicate that, when alkaline phosphatase is e.xpressed either in units per 
100 mg. of N or per 100 cc. of plasma, the enzyme level is significantly 
lower in the hormone-treated group than in the control. 

Similar experiments were carried out in 40 day-old normal male rats. 
A total daily dose of 1.0 mg. of adrenocorticotropic hormone was em- 
ployed; intraperitoneal injections were instituted- three times daily, twice 
on Saturday, and once on Simday for 15 days. The results m Table V 
show that the averaged adrenal weights of six injected animals were 50.3 
mg., while those of the controls were 29.3 mg. The increase of adrenal 
function is further displayed by both the inhihition of body growth and the 
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reduction of thymus weight in the injected group as compared with the 
controls. The alkaline phosphatase content in the plasma is convincingly 
reduced by the hormone; the hormone-treated animal has an average of 
28.4 units of phosphatase per 100 cc. of plasma, whereas the untreated male 
rats of 55 days of age possess 41.3 units. 

From bone studies, it was found that adrenocorticotropic hormone caused 
a retardation in both chondrogenesis and osteogenesis in the region of the 
proximal epiphysis of the tibia of normal rats (18). Moreover, the in- 
hibiting action of adrenocorticotropic hormone on the grorvth of young 
and adult male rats has been clearly demonstrated (19); it may therefore 
be concluded that the reduction of alkaline plasma phosphatase activity by 
the hormone is probably due to the lowering of the enzyme content in the 


Table V 

Effect of Adrenocorticotropic Hormone on Phosphatase Content in Plasma of Normal 

Male Rats 


1 

Erperiment 

. . 

No. 

of 

rats 

Body weight | 

1 

Adrenals 

i 

Th>Tnus 

1 

1 

N per cc. 
plasma 

1 

Piosphatasc 

1 

Initial 

Final 

Per 100 

1 mg. N 1 

Per 

too 

cc. 

plas- 

ma 


1 


gm. 

tng. 


mf. 

units 

units 

Injected* 

6 

130.7 

164.1 

50.3 

123.8 

9.02 

3.15 I 

28.4 



±5.83t 


±2.91 

±11.75 

±0.34 



Control 

10 

142.0 

211.5 

29.3 

'410.1 

8.43 


41.3 



±3.07 

=b6.64 


±10.23 

±0.11 




* 40 day-old male rats; 1.0 mg. of hormone divided into three injections daily. 
On Saturday two injections and once only on Sunday, for 16 days, 
t Mean dr standard deviation. 


osseous tissues. To verify this presumption data on tibia phosphatase 
activity should be kno^vn. Such studies are planned for future investi- 
gations. 

A comparison of the results herein reported TOth those obtained by 
Watson (12, 15) when adrenal cortical hormones were employed seems to 
indicate that the adrenals hypertrophied by adrenocorticotropic hormone 
secrete mainly, if not wholly, steroids which have an o.xygen atom on Cn, 
rather than substances akin to desoxycorticosterone. This deduction is in 
agreement -with the conclusion of Fraenkel-Conrat et al. (20) from studies of 
liver arginase. 

SUMMARY 

The alkaline phosphatase in the plasma of male rats at various ages 
(21 to 90 days) has been determined. After hypophysectomy, the enzyme 
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activity in the plasma of male rats 40 days of age decreases -with successive 
postoperative periods (4 to 15 days). A similar lowering of the plasma 
phosphatase values in female rats occurs after removal of the pituitary. 

In normal and hypophysectomized male rats the administration of 
adrenocorticotropic hormone in doses causing hypertrophy of the adrenals 
produced a significant decrease in the alkaline phosphatase level of the 
plasma. 
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THE ESTIAIATION OF LYSOZYME BY A -VTSCOSBIErBIC 
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Hitherto the bacteriolytic action of lysozyme has been assayed by meas- 
uring the clearing of suspensions of organisms exposed to the agent. The 
susceptibility of test organisms exposed to lysozyme is variable. These 
variations are due to enzymes contained vrithin the bacterial cells. In s 
prerious publication (1) it vras pointed out that concomitantly vrith the 
lysis by lysozyme there appears a large amount of non-protein Is and inor- 
ganic phosphate. Paralleling this bteakdorni process, manyenzyme activi- 
ties of the intact or acetone-killed organisms are found to disappear com- 
pletely when the organisms are laked with lysozyme. From this it is 
evident that bacterial Ij’sis is a complex reaction which involves the partici- 
pation of the bacterial enzymes as well as of lysozyme. 

A test of lysozyme activity, based on a single chemical reaction, was 
obviously desirable. The mechanism of lysozyme activity has been ex- 
plained in terms of the hydrolysis of a substance of mucoid nature contained 
within the bacterial wall. Such mucoid material was extracted from the 
cells and was found to be hydrolyzed by lysozyme, as was shown by the 
liberation of reducing substances (1). These observations were confirmed 
and partly extended by other investigators (2, 3). However, this reaction 
was rather slow compared to the speed of bacterial lysis, apparently because 
of the impurity and degraded state of the substrates. The isolation of the 
substrates of lysozyme in their high polymer form was finally achie\-ed. 
The depolymerization of this material, as measured viscosimetrically, 
proved to be a specific, accurate, and speedy test for lysozyme activity. 

kxperimextai 

The isolation of the substrate of lysozyme in a native form involved con- 
siderable difficulty. The organisms most susceptible to lysozyme, viz. 
Micrococcus lysodeikticus and some strains of Sarcina lutea, are highly 
resistant to mechanical disintegration. Even ultrasonic treatment leaves 
the cells intact (Dr. P. K. Stumpf).' Cells ground in a number of bacterial 

* This work was supported in part by a grant from the Josiah Macj", Jr.. Fcunda- 
tion. 

* Private communication. 
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mills jnielded no carbohydrate on extraction with alkaline salt solutions. 
From these and other experiments it must be concluded that the mucoid 
exists ■within the bacterial wall as an insoluble complex. In earlier work 
the mucoid was extracted by 2.5 N sodium hydro.xide at 100° (1), by treat- 
ment with formamide at 170°, or by treatment udth cold hypochlorite fol- 
lowed by hot formamide solution (2). None of the fractions obtained from 
these extracts exhibited any appreciable -vdscosity, nor was the mucoid 
present in any reasonable state of purity. The use of alkali, which is 
kno'wn to be highly destructive to many mucopolysaccharides, could not 
be avoided, since no method was found of bringing the substrate into solu- 
tion other than the use of l 3 ^ozyme. When heavy suspensions of the micro- 
organisms were exposed to lysozyme for a few minutes, followed by the 
inactivation of the enzyme by iodine, no viscous carbohydrate was obtained. 
(Such solutions have yielded a -viscous solution whose -viscosity could be 
abolished by desoxyribonuclease, a sample of which was obtained from 
Dr. M. McCarty (4). This sample was free of lysozyme but, when added 
to suspensions of organisms together with lysozjune, a greater clearing was 
effected than by lysozyme alone.) Extraction with 90 per cent phenol 
left the organisms intact. The preparation of a %dscous mucopolysac- 
charide fraction was finally made possible by prolonged treatment with 
0.5 N sodium hydroxide at 25°. 

Method of Preparation of Crude Mucopohjsaccharide Fraction 

Micrococcus lysodcikticus was groum for 48 hours in Roux bottles on Difco 
nutrient agar enriched vith 0.5 per cent glucose and 0.1 per cent yeast 
extract. Almost double the yield of organisms was obtained on a medium 
consisting of Difco heart infusion agar fortified with 0.5 per cent glucose. 
(However, the isolation of -viscous fractions from organisms groMUi in this 
medium proved to be much more difficult.) The organisms were washed 
off the agar -with cold water, filtered through a “milk pad” (Schwartz 
Manufacturing Company) to remove larger agar particles, and poured into 
5 volumes of ice-cold acetone. After 24 hours at 0° the organisms were 
collected by filtration through a Buchner funnel, washed Avith acetone and 
ether, and dried in vacuo. 

For extraction 10 to 15 gm. of dried organisms were ground to a fine paste 
in 200 cc. of 0.5 N sodium hydroxide and kept in an atmosphere of nitrogen 
for 7 to 8 days at 25°. The suspension was then diluted with 200 cc. of 
W'ater and the cells separated by sharp centrifugation. The supernatant 
fluid contains practically none of the substrate of lysozyme, but a good deal 
of inert material, including carbohydrates derived from agar. The packed 
cells were -washed with water, again separated by centrifugation, resus- 
pended in 200 cc. of 0.5 N sodium hydroxide, and kept in nitrogen at about 
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25° for another 14 days. The cells were disintegrated by that time. The 
viscous material was diluted vath 200 cc. of water and cleared by centrifuga- 
tion. The residue, after being washed, was not cleared by incubation with 
lysozyme, nor did it yield any reducing substances. The alkaline super- 
natant solution was acidified to about pH 4 with glacial acetic acid and 
poured into 2 volumes of alcohol. The fibrous precipitate was collected 
by centrifugation and washed repeatedly with 80 per cent alcohol. The 
moist alcoholic material was dissolved in 200 cc. of 10 per cent sodium ace- 
tate, diluted mth 200 cc. of water, stirred for 1 hour with 80 cc. of chloro- 
form-amyl alcohol mixture, and finally centrifuged. To the turbid super- 
natant solution 40 cc. of 10 per cent zinc acetate were added and the pH 
adjusted to about 7.0 imtU flocculation of the zinc hydroxide occurred. 
The material was cleared by centrifugation, and the supernatant solution 
acidified to about pH 4 and precipitated vith 2 volumes of alcohol. The 
precipitate was collected by centrifugation, washed repeatedly in a mortar 
successively with 80 per cent, 95 per cent, and absolute alcohol and ether, 
and dried in vacuo over PjOs. The yield varied between 1.5 and 2 gm. for 
10 gm. of dried bacteria. 

From a strain of Sarcina luiea, isolated from the laboratory air, a 
similar carbohydrate fraction has been isolated. This strain of Sarcina 
lutea is laked •svith egg white lysozyme at about the same dilution as is 
needed for lysis of Micrococcus lysodeiklicus.^ The crude polysaccharide 
fraction of this organism, in contrast to the fraction from Micrococcus 
lysodeikticus, contains in addition to the substrate of lysozyme a carbo- 
hydrate which forms a viscous solution but is not attacked by lysozyme. 

From a third organism, Staphylococcus muscae, a similar carbohydrate 
has been obtained, though in much lower yield. This Staphylococcus re- 
quires for lysis a concentration of lysozyme some 30 times greater than that 
required for the two previously mentioned organisms. 

The crude Micrococcus lysodeikticus fractions’ contain between 5.5 and 
6.5 per cent of nitrogen and 23 to 30 per cent of hexosamine (5). On incu- 
bation of these fractions (5 mg. per cc.) -with lysozyme (0.04 to 0.1 mg. 
per cc.) for 2 hours, about 10 per cent of the weight appears as reducing 
sugar, expressed as equivalents of glucose. About one-half of this value 
can be determined as acetylglucosamine (6). 

Lysozyme Preparations — ^The egg white lysozyme used in these experi- 
ments was prepared either by the method used in this laboratory (7) or by 

• The bacteriological aspects of the problem will be reported in a separate publica- 
tion with Dr. R. Feiner and Miss A. Steinberg. 

' The further purification and properties of the mucopob'saccharide will be dealt 
with in a later paper. However, it might be pointed out here that the keto reaction 
(2) is practically negative with preparations hydrolyzed by lysozyme, while carbo- 
hydrate'fractions not split by the enzyme give a strong reaction. 
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adsorption on bentonite (8). One sample of crystalline lysozyme was 
obtained from the Western Regional Laboratory. 

Viscosimetric Method — In the viscosimetric method the carbohydrate 
fraction is dissolved to give a 0.4 per cent solution in Mcllvaine’s buffer (9) 
of pH 5.3, containing as a rule 0.2 m NaCl. The viscosity of these solutions 
remains constant for about 24 hours, provided they are kept in the ice box. 
At 37° the viscosity slowly decreases, probably owing to oxidative depoly- 
merization. However, this spontaneous loss of viscosity is insignificant 



Incubation time 

Fig. 1. Influence of lysozyme concentration on rate of depolymerization of muco- 
polysaccharide. 

if lysozyme concentrations are chosen which catalyze half the reaction 
within 30 minutes. 

The substrate solution (5.0 cc.) is warmed to 37° in a constant tempera- 
ture bath and mixed ndth 1.0 cc. of lysozyme present in an appropriate 
concentration in 0.9 per cent sodium chloride. The time of mixing is taken 
as zero time. 5 cc. of the mixture are transferred immediately to an Ost- 
wald viscosimeter having a flow time of about '66 seconds for 0.9 per cent 
sodium chloride. At least four successive readings are made on each 
sample. The viscosity of the control solution (0.9 per cent sodium chloride 



K. SEEnXR AKD E. HAHNEL 


727 


without lysozyme) is measured repeatedly. The viscosity of the control 
solutions varies somewhat with different preparations, but its value is 
usually about 4. With the carbohydrate fractions prepared from Micro- 
coccus lysoddkiicus, the time necessary to reach half viscosity corresponds 
closely to the calculated value, since the relative viscosity after depoly- 
merization with lysozyme drops to very close to imity. With the carbo- 
hydrate fractions prepared from Sarcina there remains a considerable 


Table I 

Tiscosimetric Estimation of Activity of Crystalline and Amorphous Lysozyme of Egg 

White 


Substrate Ko. 

L>-soz>-c:e Ko. 

Lysoryne 

Ratf time 

Lysozyme con- 
Uining 1 txnit 

Date tested 

20D 

W'. R.» 

y 

1.0 

min. 

7.5 

y 

0.75 

I94S 

Dec. 26 

20D 

Cl 

1.0 

7.5 

0.75 

“ 21 

20D 


1.0 

7.0 


" 6 

20D 


1.0 

7.5 

0.75 

Xov. 29 

20c 

(I 

1.0 

7.5 

0.75 

Dec. 4 

61 

<< 


7.2 

0.72 

Nov. 29 

20c 

X85C 


9.5 

0.95 

“ 27 

20c 

X85C 


4.5 

0.90 

“ 27 

20c 

M17 


7.0 

0.70 

“ 27 

20c 

M17 

1.0 

7.0 

0.70 

Dec. 6 

35CII 

llOCl 

1.0 

7.5 

0.75 

ms 

Jan. 21 

35CII 

llOCI 

1.0 

7.5 

0.75 

“ 26 

3SCII 

113A 

1.0 

15.0 

1.50 

0 21 

35Cn 

113A 

1.0 

15.0 

1.50 

■' 26 

35CII 

113D 

1.0 

8.0 

0.80 

21 

3scn 

113D 

1.0 

8.3 

0.83 

“ 25 

35CII 

113DII 

1.0 

6.5 

0.65 

“ 21 

35CII 

113Dn 

1.0 

7.0 

0.70 

“ 25 


’Western Regional Research Laboratorj-. 


viscosity after the action of lysozyme, but if this residual \iscosity is sub- 
tracted, the values for the haff time of lysozjTne acthitj* are the same as 
those of the Micrococcus lysodeikticus fractions. 

The relative viscosities are plotted on graph pjaper against the time of 
incubation. 1 uni t, is defined as the amount of enzyme required to reach 
half viscosity in 10 minutes. With crystalline egg white h-sozj-me 1 unit 
is contained in about 0.73 -y. The time required to reach half i-iscosity is 
proportional to the enzyme concentration. This is illustrated in Fig. 1. 
In this exp)eriment 1.00 7 of lysozyme required 7.0 minutes to reach half 
viscosity, 0.75 7 required 10.0 minutes, and 0.50 7 required 14.5 minutes. 
The accuracy and reproducibility of the method are evident from Table I 
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in which it can be seen that the error is about ±5 per cent. This error is 
mostly due to the timing of mixing and to the graphical extrapolation used. 
By increasing the accuracy of both procedures, the error probably could be 
still further decreased. Table I further shows that some of the prepara- 
tions made by our method are as pure as the crystalline material of the Cali- 
fornia group. The high electrophoretic mobility of our preparation in 
borate solution (10) is apparently due to complex formation -Ruth the 
borate.'* 



pH 

Fra. 2, Influence of pH on lysozyme activity as measured viscosimetrioally 

* The activity of the reaction is not increased by biotin. The biotin effect previ- 
ously reported (10) is observed only with a labile variant strain of jificrococcus lyso- 
deiklicus, which was characterized by a remarkable tendency to autolyze. Avidin 
preparations tested in this laboratory both by the bacteriolytic and viscosimetric 
methods had lysozyme activity in all cases. The lysozyme activity was highest 
with the avidin preparations of greatest antibiotin potency. The preparations of 
avidin included material prepared according to 'Woolley and Longsworth (11) and 
according to the California group (12). Our lysozyme preparations were devoid of 
avidin activity. It still appears to us most probable that egg white lysozyme and 
avidin are related to each other and that one protein is derived from the other. The 
plant lysozymes (13), however, do not occur together with an agent acting as anti- 

biotin. 
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Previously the pH optimum for egg white Ij’sozyme, as determined by 
measuring the rate of increase of reducing sugar, was given as about pH 
3.5 (1). The pH curve as determined by the viscosimetric method is 
shown in Fig. 2. In this experiment, samples of substrate were prepared 
in McHvaine’s buffer of different pH levels and 1 7 of egg white lysozyme 
was added to each solution. Controls without lysozyme were measured at 
each pH, as the viscosity varied somewhat with changes in pH. It can be 



Fio. 3. Influence of pH on lysozyme activity as measured by the increase in 
reducing groups. 

seen that the optimum is at pH 5.3, as measured by the glass electrode. 
The pH dependence curve, as measured by the increase in reducing sugar, 
is shown in Fig. 3. Samples of substrate (10 mg. per cc.) were incubated 
with egg white lysozyme (0.04 mg. per cc.) in m/15 buffers. After 20 
hours the solutions were titrated by the ceric suKate method (14) and the 
pH measured by the glass electrode. Optimum rate of hydrolj'sis is 
observed at pH 4.95. 

The addition of 0.2 m sodium chloride had no influence on the increaK 
in reducing sugar. However, if lysozyme actnuty is measured viscosi- 
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Fiq. 4. Influence of sodium chloride on lysozyme activity as measured viscosi- 
metrically. 


Tabi^ II 


Viscosimelric Eslimalion of Lysozyme Activity of Some Fluids and Tissues 


Source 

DUuUoa 

tested 

Halt lime 

Lysozyme units per cc, or gm, 
original 



min. 


Egg white 

1:10,000 

8.0 

12,500 

Tears 

1:500 

5.5 

950 


1:1,000 

10.5 

Saliva H 

1:1 

15.0 

1.3 

“ M 

l:l 

10.5 

1.9 

ti p 

1:1 

11.5 

1.7 

Guinea pig cartilage (rib) 

1:10 

10.5 

10.0 

“ “ serum 

1:5 

60 (Approximate) 

0.8 (Approximate) 

“ “ colon 

1:5 

100 

0.5 

“ “ tear gland 

1:10 

200 

0.5 “ 

Human cartilage (rib) 

1:20 

5.5 

36.3 


metrically, addition of sodium chloride leads to a remarkable increase in 
activity, as can be seen from Fig. 4, in -which 1 7 of lysozyme was added 
to the substrate solution vdth and -without salt. 
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AppUcalions of Method — ^The concentration of lysozyme in native egg 
white, in a sample of pooled tears, in filtered saliva, in serum and some 
tissue extracts of a guinea pig was determined viscosimetrically and the 
results are shon-n in Table II. The tears (stimulated by onions) were 
collected from three normal adults and cleared by centrifuging. On the 
basis of total protein the Ij-sozyme titer of tears is somewhat higher than 
that of egg white. The cartilage and tear glands of the guinea pig were 
ground with sand and 0.9 per cent sodimn chloride and the mixture was 
centrifuged. The colon was rinsed thoroughly with water and its mucosa 
scraped off and ground with sand. The human cartilage was obtained at 
autopsj’ of a 14 months old baby. The actual titer may be stiU consider- 
ablj- higher, since after grinding many large particles remained and since 
no effort was made to elute adsorbed lysozyme from the sand. The high 
lysozyme titer of the cartilage in comparison with the other tissues seems 
remarkable. 


DISCUSSION 

The viscosimetric method for the determination of lysozyme seems far 
superior to the bacteriolytic methods in use now. In accordance with other 
workers, we have found that the sensithity of h^\ing organisms to Ij-sozjme 
varies greatly with changes in media and strains. In our experience this 
is likewise true for organisms killed by various methods. The explanation 
for this variation apparently lies in changes in the autolytic enzjTnes con- 
tained within the bacterial cell, which contribute to a varying degree to 
the visible clearing of bacterial suspensions. 

Lysozyme has many characteristics of another mucolytic enzjTne, hyal- 
uronidase. Like the latter, it is reversibly oxidized, and in low concentra- 
tions it primarily catalyzes the depolymerization of its substrate with little 
or no apparent increase in reducing groups. Furthermore, in both enzjTne 
systems, chloride ion greatly increases the depolymerase action, while the 
opening of glucosidic linkages does not seem to require halogen.* The 
chloride effect, in our experiments, is more pronounced with hyaluronidase 
than with lysozjme, presiunablj* because less chloride was present in the 
preparations. It seems that these mucolytic enzymes in common with 
some other polysaccharidases like amylase and pectinase can ftmetion as 
either depolymerase or glucosidase, depending on whether the enzyme is 
combined with chloride. It remains to be seen whether the chloride is 
boxmd by a metal or by a specific organic group within the protein molecule. 

One of the most important problems is the frmetion of lysozyme in 
various fluids and cells. Its occurrence in microbes, including those sensi- 
tive to the enzyme (15), and in tissues like cartilage suggests that its fimc- 
tion is primarity metabolic, concerned with the depolymerization or hy- 

* Meyer, K., and Hahnel, E., unpublished. 
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drolysis of its substrate. Its r61e as a defense mechanism then would be 
purely incidental. In the case of hjmluronidase, a similar multiplicity of 
function has been established. Hyaluronidase can protect against strep- 
tococcal infection (16), testicular hyaluronidase is concerned mth mam- 
malian reproduction (17), while different bacterial hyaluronidases may 
faciUtate infection in making available to the microorganisms carbohydrates 
essential to their growth. If the function of lysozyme is considered to be 
primarily metabolic, the wide occurrence of the substrate is to be antici- 
pated. However, thus far a search for the substrate of lysozyme in ex- 
tracts of various organa has been futile. 

SUMMARY 

1. A method has been described for the isolation from a number of 
microorganisms of a highly polymerized mucopol 3 rsaccharide fraction 
which can serve as the specific substrate of lysozyme. 

2. This polysaccharide is depolymerized by l 3 ^ozyme obtained from 
different sources. With larger concentrations of lysozyme, glucosidic 
linkages are hydrolyzed and reducing sugar and acetylhexosamine appear. 

3. The depolymerization of this mucopol 3 ^accharide, as measured ^^s- 
cosimetrically, has been used as the basis of an accurate and rapid method 
of lysozyme determination. 

4. Some data are given for the lysozyme titers in different tissues. 
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LYSOZYjME of plant origin* 

Bt KABL MEYER, ELEANOR HAHNEL, and ANITA STEINBERG 

(from the Department of Ophthalmology, College of Physicians and Surgeons, Columbia: 

Unirersily, and the Institute of Ophthalmology, Presbyterian Hospital, New York) 

(Received for publication, February 23, 1346) 

Our knowledge of lysozyme, the bacteriolytic and mucolytic enzyme- 
found in egg white and in many tissues and body fluids, is almost entirely 
based on the properties of the enzyme obtained from egg white. The -nide 
distribution of an agent which is bacteriolytic for certain micrococci, 
Sarcinae, and other air-bome organisms, was recognized by Fleming who 
also reported its occurrence in some plants, especially the turnip (1). 

The occurrence of a lysozyme-like enzjme in samples of papain was 
detected when it was observed that the high vnscosity of a solution con- 
taining a mucopolysaccharide fraction isolated from Micrococcus lysodeik- 
licus disappeared on incubation with papain-HCN. Bacteriological tests 
showed the presence of a lytic enzyme in the papain preparation used. 
Other samples of papain showed similar activities. Subsequently large 
concentrations of such lytic enzymes were found in a crude preparation of 
ficin, a material obtained from the latex of Central American Ficus trees 
(Ficus glahaira and Ficus doliana (2)). 

Like their equivalent in egg white, the plant enzymes lake a number of 
air organisms. They depolymerize a mucopolysaccharide fraction pre- 
pared from such organisms, and hydrolyze this fraction with the liberation 
of acetylhexosamine. The plant lysozymes, however, differ from egg white 
Ij^ozyme in that they have a more limited range of antibacterial activity. 
Furthermore, the Ficus lysozyme, which was investigated more thoroughly 
than the papain lysozyme, is chemically clearly distinct from the enzjnne 
prepared from egg white. 

EXPEKIMENTAI. 

The mucolytic activity was determined as described in the preceding 
paper (3). The bacteriolytic activity was measured with Micrococcus 
lysodeikiicus as the test organism. 24 to 48 hour agar slant cultures were 
suspended in primary m/15 phosphate solution and the suspension was 
appropriately diluted to match barium sulfate standard No. 10 (4). 0.5 
cc. of this suspension was incubated for 1 hour at 37° vith 0.5 cc. of lyso- 
zyme solution in 2-fold serial dilutions in primary' phosphate . Then 2 drops 

* This work was supported in part by a grant from the Josiah Macy, Jr., Founda- 
tion. 
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of N sodium hydroxide were added and the clearing of the suspensions was 
read visually by comparison with a control. Units are expressed as the 
highest dilution giving complete visible clearing under these conditions. 

Papain — ^The papain samples tested included a crude commercial ma- 
terial (Merck), crude and purified commercial material obtained several 
years ago from Japan, samples purified by precipitation with alcohol (5) 
including one sample kindly sent us by Dr. Joseph Fruton, preparations 
by the lead and aluminum hydroxide method of Stumpf and Green,' and 
fractions obtained by bentonite adsorption and elution with 5 per cent 
P3T:idine sulfate (6). 

Table I summarizes data on the mucol 3 rtic activity of some papain 
samples. The activity compared to the values for ficin is low in all in- 


Table I 

Lysozyme Activity of Papain Preparations As Measured Viscosimetrically 


Preparation No. 

Lysozyme 

Buffer 

MII26* 

nnits per mg» 

1.9 

0.1 M acetate, pH 5.0 
0.1“ “ “ 5.0 

Fruton’sf 

4.0 

26BIIIt. 

6.5 

0.1“ “ “ 5.0 

‘22A§ 

5.0 

Mcllvaine’s, pH 5.3 
“ 5.3 

Sumeritinll 

4.5 



* Prepared by adsorption on bentonite. 

t Prepared by alcohol fractionation and obtained from Dr. J. Fruton. 

t Prepared from crude papain by alcohol fractionation. 

§ Prepared according to Stumpf. 

[1 Commercial purified Japanese sample. 

stances. The bacteriolytic activity of the papain preparations likewise 
indicated a very low titer. As with most preparations complete lysis was 
not observed, even Avith the highest concentrations tested, it is diffi cult 
to assign numerical values to the bacteriolytic tests. (Many of the papain 
samples became turbid on the addition of alkah.) All the papain samples 
showed lysis mth Micrococcus lysodeikticus and Sarcina. With Staphylo- 
coccus muscae, lysis was apparent only in the presence of a reducing agent. 

The low lysozyme titer of papain is hke\vise evident from the data on 
hydrolytic activity summarized in Table II, which represent the increase in 
reducing sugar found after incubation with papain preparations. Under 
comparable conditions egg white Iysoz 3 me hydrolyzed 10 per cent of the 
weight of the poljrsaccharide in 2 hours, whereas papain liberated at most 

> Stumpf, P. K., and Green, D., personal communication. 
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3.8 per cent in 23 hours. From other experiments it can be assumed that 
the lysozyme concentration in the experiment Trith egg white lysozjTne 
was at least 10 times the required amoimt. 

Ficin — The ficin preparations used included a sample of crude ficin." 
This material was purified either by the lead acetate fractionation used for 
papain* or by adsorption on bentonite. In the latter procedure 20 gm. of 
the crude material were dissolved in 200 cc. of 1 per cent potassium chloride 
and acidified to about pH 4 with N hydrochloric acid, an insoluble residue 
was removed by centrifugation, and a suspension of 10 gm. of bentonite 
in 100 cc. of 1 per cent potassium chloride was added with vigorous stirring. 
Stirring was continued for 5 minutes and the suspension centrifuged. 
About 50 per cent of the activity remained in the supernatant solution. 


Table II 

Hydrolysis of Mucopolysaccharide 


Mht^ire in v/7-S citrate buffer, pH 4.9S 

Hydrolysis 

2 his. 

23fcrs. 

Substrate (10 mg. per cc.) + Sumeritin S (2 mg. per 

fcT ctnl j 

ftrcerj 

Substrate (10 mg. per cc.) 4- crude papain (2 mg. 

2.0 

3.8 

per CO.) 

Substrate (10 mg. per cc.) -b Papain 2 (2 mg. per 

mm 

2.5 

Substrate (10 mg. per cc.) -i- Papain 4 (2 mg. per 


3.5 

CC.) 

Substrate (10 mg. per cc.) + lysozyme W. R.* (2 mg. 

1.5 

2.5 

per cc.) 

10.0 

10.0 


* VTestern Regional Research Laboratory. 


The adsorbed material was eluted three times with 0.2 m phosphate of pH 
7.5. The supernatant solutions were centrifuged, filtered through a sintered 
glass filter, and dialyzed first against cold running tap water, then against 
distilled water at 4°, allowed to stand in the cold for several days, clarified 
by centrifuging, and lyophilized. These preparations, and those obtained 
from the fractionation with sodiiun chloride, as will be seen from Table 
HI, were the most potent. 

Prom neutral solution, little ficin was adsorbed by bentonite. In con- 

* We thank Dr. D. F. Robertson of Merck and Company, Inc., for the supply of 
this material. According to the manufacturer it was spray^dried at the site of col- 
lection. 
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trast to egg white lysozyme, all activity adsorbed can be eluted with phos- 
phate. Practically no further activity is recovered ivith 5 per cent pyridine 
or pyridine sulfate solution. 


Table III 

Comparison of Bacteriolytic, Mucolytic, and Proteolytic Titer of Samples of Ficus 

Preparations 


Preparation 

Bacteriolytic titer 

Mucolytic titer 

Proteolytic 

titer 

Organisms 



pH 




units per ms. 

units per mt. 


units per mt. 

Egg white 

Micrococcus lysodeik- 

260 

1370 

5.3 

Negative 

lysozyme* 

tints 







Sarcina lutea 

260 






Staphylococcus muscae 

16 




Crude ficinf 

M. lysodeikticus 

64- 

714 

3.6 

31.0 



S. lutea 

64 

333 

5.3 




St. muscae 

1 (Ap- 







proxi- 







mate) 




Ficin 13* 

M. lysodeikticus 

Negative 


3.6 

100.0 

(f 

14* 

ft ft 

<0.6 

2.6 

3.6 

71.4 

t( 

25At 

ft ft 

130 


3.6 




S. lutea 

130 




it 

29AI§ 

M. lysodeikticus 

130 


5.3 

14.3 

n 

29AII§ 

H if 

16- 30 

27 

5.3 

33.3 

if 

29BII 

tf t( 

16 

24 

5.3 

22.2 

if 

29Gif 

ft tf 

32- 64 


3.5 


if 

29HT 

ft ff 

64-130 


3.5 


if 

29J1I 

ft ft 

64 

1335 

3.5 


ft 

29K:^ 

ft ft 

64-130 


alg| 


if 

29Lir 

ft ft 

130 


3.5 

11.1 

ft 

32AI§ 

ft ft 


2220 

3.5 

8.4 

ff 

32AII§ 

ft ft 

64 

2860 

3.6 

7.7 


* Crystalline. 

t Merck and Company, Ino. 

j Lead acetate preparation. 

§ Adsorption on bentonite and elution with phosphate. 

II Adsorption on bentonite and elution with pyridine and pyridine sulfate. 

if Sodium chloride fractionation. 

Table III illustrates the correlation between the bacteriolytic titer, as 
determined by the visible clearing of live organisms, and the mucol 5 diic 
titer as determined viscosimetrically. Considering the inaccuracy of the 
bacteriolytic method and the fact that the fractions were tested with many 
different batches of organisms, the correlation appears to be satisfactory. 
It seems to be especially significant that the two samples of crystalline 
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ficin (7),’ which had a high proteolytic activity, were almost completely 
devoid of Ij-sozyme activity in both tests. 

It was evident from the data on the adsorption of ficin on bentonite 
(and from electrophoretic data) that the physical properties of the Ficus 
Ij’sozyme are distinctly different from those of egg white. This is likewise 
indicated in Fig. 1, in which the mucolj-tic activity of a ficin preparation 
was determined at different pH levels with hicllvaine’s buffer. As the 
viscositj’ of the control varied with the pH, the control viscosity at each 


> 

I- 



Fig. 1. Effect of pH on activity of Finn lysozyme, as measured viscosimetrically 


pH was determined. The pH optimum with Ficus lysozjme lies between 
pH 3.2 and 4.2. The optimum pH for egg white Ij-sozjme is at pH 5.3 (3). 
In accordance with the low activity of the Ficus l 3 -sozjme at neutral pH, 
there was likewise only a trace of activity at neutralitj- in the bacteriolytic 
test. This shows the importance of carrying out the bacteriol 3 'tic test at 
acid reaction, followed by' alkalization at the end of the incubation period. 

Egg white and Ficus l 3 'soz 3 'me also differ with respect to stabilit 3 '. Crys- 
talline egg white l 3 'S 023 ’me and a Ficus preparation each in concentration 

’ We are greatly indebted to Dr. Alphonse Walti for these samples. 
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of 100 7 per cc. in Mcllvaine’s buffer of pH 5.0 and 8.0 were heated for 10 
minutes at 100°. These were then diluted and tested viscosimetrically 
against the same substrate. With egg white lysozyme the unheated con- 
trol contained 1 unit in 0.75 7, wliile the samples heated at pH 5 and 8 
contained 1 unit in 1.7 and 140 7 respectively. These results show the 
great stability of this enz5Tne in acid solution and the markedly greater 
lability at an alkaline pH. With the Ficiis lysozyme, the unheated control 
contained 1 unit in 1 7. Both heated samples were completely negative 
in concentrations of 100 7 per cc. 

Egg white and Ficus lysozyme also differ in their behavior towards some 
strains of Micrococcus lysodeikticus and Sarcinae. A strain of Micrococcus 
lysodeikticus was adapted to egg white lysozjnne by growing the organisms 
in increasing concentrations of egg white lysozyme. An adapted strain 

Table IV 


Milk-Clolling Activity of Lysozyme Preparations 


Sample 

Clotting time 


sec. 

No. MII22A, papain, 800 y -}- SO 3 

101.9 

00 

0 

+ 

979 

Ficin, Merck, 800 y -|- SO 3 

30 

« << gQ << ^ l< 

440 

“ “ 800 “ no “ 

30 

W. R.,* lysozyme, 800 y + SO 3 

Negative, discontinued after 24 hrs. 

No. 97C, lysozyme, 800 y -1- SO 3 

“ “ » 1§ “ 


* Western Regional Research Laborator3'-. 


which required 16 times the concentration of egg white lysozjmie for com- 
plete lysis had become completely refractory to Ficus lysozyme. Kxperi- 
ments are in progress to determine whether the adaptation is due to destruc- 
tion of the lysoz5mies. Strains naturally resistant to egg white l3rsozjTne 
likewise are less sensitive to or are not affected by Ficus lysozyme. 

It seemed of special importance to determine whether the proteolytic 
activities of papain and ficin are in any way related to the bacteriol3rtic 
activity. The data reported in Tables III and IV rule out the possibility 
of any correlation. Proteolytic activity of some preparations was measured 
by the milk-clotting power (c/. Table IV), with a commercial dry milk 
powder as a substrate.^ 20 gm. of Dryco were triturated 3vith 100 cc. of 
0.1 N acetate buffer of pH 5 until homogeneous. The fat was separated by 
centrifuging and removed. Enzyme solution (0.1 cc.) and 0.005 per cent 
sodium sulfite (0.1 cc.) or 0.9 per cent sodium chloride (0.1 cc.) were pipetted 

< We thank Dr. Paul Stumpf for information about this test. 
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into a tube. After 5 minutes at 37°, 2 cc. of the milk, pre^uously wanned 
to 37°, were blown into the tube and the clotting time observed. A control 
tube without enzjTne was sinularly prepared- It can be seen from Table TV 
that crude ficin had a much higher proteolj'tic activity than did papain. 
Two different samples of egg white lysozjTne failed to show any activity 
in clotting milk. Egg white lysozyme, furthermore, in a concentration of 

2 mg. per cc. after incubation for 24 hours with the polysaccharide fraction 
(20 mg. per cc.) gave no increase in amino nitrogen (Van Slyke). 

In Table III the proteolytic actmties of some Ficus samples are re- 
corded. The proteolytic activity was measured viscosimetrically, with a 
solution of 5 per cent gelatin made up in Mcllvaine’s buffer (pH 5.3) con- 
taining 0.2 M sodium chloride as substrate. 1 unit of proteolytic acthtty 
is defined as the amount of enzyme required to reduce the viscosity of the 
gelatin solution to one-half in 10 min utes. It can be seen from these data 
that mucolytic and proteolytic activities do not run parallel. In the better 
preparations of Ficus h’sozyme, mucolytic actmty had been concentrated 

3 to 4 times as compared to the crude material, whereas proteolytic activity 
had decreased by about the same factor. The lytic activity of these Ficus 
samples appears about twice as potent as pure egg white lysozyme. 

Lysozyme activity is obviously not confined to the plant species from 
which papain and ficin are prepared. A test of three samples of freshly 
collected latex® showed the following mucolytic actimty’ (in Mcllvaine's 
buffer of pH 5.3 and 0.2 ir sodium chloride): 

unxtt fer cc. 

Ficus elasltca 9-1 

" lyraCa . ■ ir-t 

“ (Peru) + 0.25% acetic acid* 145,000 

Euphorbia pulchernma (poinsetta) IS. 2 

* Obtained through the courtesy of Merck and Company, Inc. 

DISCUSSIOX 

The occurrence of ly’sozyme in the latex of some plants, in some instances 
in very high concentration, seems remarkable. The apparent activity of 
crude ficin, for e.xample, is about 65 per cent of that of pure egg white 
lysozyme per miorogram of dry weight, if the actmty of the latter is taken 
as 1 unit in 0.73 y. On the other hand, if we assume, on the basis of the 
proteolytic activity, that pure Ficus lysozyme contaios 1 unit in about 
0.3 7 , the apparent activity' is only about 20 per cent. The role this lyso- 
zyme plays in the physiology of the plant is unknown. It remains to be 
seen whether the mucolytic activity' is connected with the metabolism of 

‘ We are indebted to Dr. W. J. Robbins of the Bronx Botanical Gardens for this 
material. 
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the polysaccharide in the plant, or whether it is directed as a defensive 
enzyme against insects or other plant parasites. 

SUM5IARY 

1. The presence of a mucol 5 d.ic enzyme with activities similar to those 
of egg white lysozyme has been found in the latex of different plants. 

2. In crude ficin the concentration of such an enzyme is especially high. 

3. The Ficus lysozyme has been partly freed of proteolytic enzyme. 
The proteolytic enzyme, ficin, in the crystalline state is markedly low in 
lysozyme activity. 

4. Ficus lysozyme is chemically quite different from the lysozyme found 
in egg white. 
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THE CONJUGATED, NON-PROTEIN, AMINO ACIDS OF PLASMA 

I. POSTABSORITIVE CONCENTRATIONS OF HUMAN PLASMA, 
SERUM, AND ERYTHROCYTES 

Bt HALVOR N. CHRISTENSEN akd ELEANOR L. LYNCH 
(From The Mary Imogene Bassett Bospital, Cocrperstown, Mew York) 

(Received for publication, March 7, 1946) 

« 

Of the three categories of amino acids present in blood, the free amino 
acids and the protein amino acids have received much more careful at- 
tention than the third class, those which are neither protein nor free. These 
have been assumed to be manifestations of protein metabolism, represent- 
ing intermediate stages in the degradation and synthesis of protein. The 
study of digestive enzymes brought attention early to the formation of a 
series of compounds of decreasing size from proteins to amino acids. Do 
living cells contain a complete series of these compounds in the free state, 
representing the step by step synthesis of proteins? Schoenheimer and his 
associates (1) have demonstrated so extreme an activity in the regeneration 
of proteins as to suggest an incorporation of amin o acids into proteins with- 
out the intermediary formation of many successive oligo- and polypeptides. 
Thus the extent of polypeptide participation in protein synthesis is brought 
into question. 

Absorption of incompletely digested fra gm e n ts of protein is probably not 
an adequate explanation for the presence of peptides in blood, especially if 
they are present in the postabsorptive state. A major fraction of the blood 
peptides, namely the cellular glutathione, obviously does not arise from 
absorption as such from the intestine and probably does not function simply 
as a transport form of amino acids. Other peptides might be similarly 
specialized structures. 

A practical aspect of peptide metabolism arises from the wide parenteral 
use of partial hydrolysates of protein. These have been reported to be 
nutritionally more efficient when administered parenterally than com- 
pletely hydrolyzed proteins or amino acid mixtures (2). White and 
Sayers (3) have suggested that peptides perhaps are better handled by the 
tissues or better retained by the kidneys than are free amino acids. The 
great biological activity of a number of polj-peptides also enhances interest 
in the metabolism of these substances. 

The foregoing considerations, the irregularity in levels of bound amino 
acids in blood observed heretofore ((4-19), Table I) and the availabilitj of 
new tools, the manometric ninhydrin procedure (20, 21) and of procedures 
for certain amino acids permitting differentiation between free and bound 
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forms,* prompted a reinvestigation of the combined amino acids of human 
blood, plasma, and serum. The necessity of a precise measurement of a- 
amino nitrogen of high specificity is emphasized by the questionable increase 


Table 1 

Sonic Observations of Combined Amino Acids of Blood* 


Investigators 

Material 

DeprotCLDtutfon 

Hydrolysis 

Analytical 

method 

Kormal ficdlags 






mg, per 

Sdiwciiner, 1020 
(4) 

Dcfibrinatcd 
human blood 

Mercuric chlor- 
ide 1 

Acid, i hn. 

Fonnol titration 

None detcctedt 

Hiller and Von 
Slyke (5) 

Defibiinated 
ox blood 

Tungstic acid 

<• 

Gosomctric ni- 
trous acid 

1.4, 4.0, 4.3 


Same samples 

2.6% trichloro- 
aoctio acid 

11 

li II 


Hannoert ond 
Wodon (6) 

Dog p]asma | 

Trichloroaoctic 

acid 

II 

II II 

Nooo detected 

Blau (7) 

Human whole 
blood 

Bolling ooctic 
acid and tri- 
chloroacetic 
acid 


II II 

About 0.Qt( 

Sw'anson (8) 

Human blood | 

Tungstic acid 

Aikaii 

Folin colorimet- 
ric 

4-M 

J&ckson, Sher- 
wood, and 

11 11 

1 

2.5% tricbloro- 
aoetic acid 

Acid 

II II 

TJauaily less than 
It 

Moore (9) 






KoUchneSf (10)$ 

Dog blood 
(femoral 
vein) 

Probably tri- 
chloroacetic 
acid 

II ^ 

Gaeometric ni- ; 
trous acid 

3.8-7 

Abdcrhalden and 
Hossner (11) 

1 

Horse serum 

1 

Dialysis 

1 

1 

" oralkaU 

Erepsin or 
trypsin-kin- 
ase 

II II 

II II 

1 

About i as much 
combined as 
free 

None 

Martens (12) 1 

Human 

plasma 

Trichloroacetic 

acid 

Acid 

i 

Folin colorimet- 
ric 

1J-S.85, average 
3.5t 

Becher and Herr- 

Human blood 

t« K 

II 

II II 

Average 2.4 

mann (13) 


1 




Kirk (14) 

plasma 

Tungstic acid 


Gasometric ni- 
trous acid 

-O.M to 
a^’crag© 0.03II 


• A long list of investigations (over 70) in \\hich it was sought to determine "polypeptide NT/’ especially in 
disease, by measuring the difference in nitrogen content (or of substances yielding color with FoUn*a phenol 
reagent) (sec elsewhere (15-18)) of two blood filtrates obtained by different deproteinizing agents, is not con- 
sidered here. Highly variable findings have been reported. 

t Large increases in disease. 

t The experimental error was of this order; hence the investigators considered the presence of peptide 
nitrogen questionable. 

5 Kalmykoff (19), also in London’s laboratory, found no peptide nitrogen in dialysatca of dog serum. 

0 Large negative and positive values reported in uremia. 


or lack of increase by h5'^drolj'sis reported in several of the above investiga- 
tions. Evidence has been sought as to the function of the amino acid com- 

* A differentiation cTf free and combined amino acids in blood or plasma, and hence 
estimates of free individual amino acids, are probably not obtained by simple appli- 
cation of microbiological assays (22). 
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binations by studjTng the fasting levels, the changes vrith administration of 
proteins and protein degradation products, and in disease, and the contribu- 
tion of certain amino acids to the free and conjugated amino acid levels and to 
changes in them. This communication reports postahsorptive concentra- 
tions of plasma, cells, and serum. 

Hiller and Van Slyke (5) demonstrated that a group of protein pre- 
cipitants ranged from txmgstic acid to 2.5 per cent trichloroacetic acid as to 
efficiency in precipitating intermediate degradation products from solutions 
of peptone, and thej' observed that in defibrinated ox blood a portion of the 
combined amino acids vras precipitated by the first hut not by the second 
reagent (Table I). We have determined combined amino acids of the two 
categories observed by these authors, those present in tungstic acid fil- 
trates and those not present in tungstic acid filtrates but present in 2.5 

Table II 


^^cci of Hydrolytic Agent and Hydrolytic Conditions upon a- Amino Nitrogen Found 
The values are given in mg. per cent. Each valne represents a separate hydrolysis 
and a single analysis. 


PUsna 

No. 

BeJore 

hydrol- 

ysis 

\ "S HQ at 100* in air 

4 K HQ at 
100* in Ni 
24 bn. 

4 sHa»tuo‘| 

4KHa 
rcflsxed 
24 bn. 

2 K and 3 r; 
NaOH 
at lOO* 

24 bn. 

fihrs. 

12 hn. 

21 hrs. 

1$ bn. 

12 bn. 

[ 24 bn. 

1 

4.70 

4.92 

5.25 

5.21 

5.25 


5.23 

5.34 

5.25 




4.75 

5.18 

5.25 

5.18 


5.20 

5.17 

5.17 


2 

4.30 



6.50 


6.40 




6.13 





6.53 


6.44 




6.10 



1 


6.44 


6.52 




6.18 


per cent trichloroacetic acid filtrates. For convemence the latter fraction 
has been designated as “polypeptide” nitrogen, although the substances 
involved may include even proteins (23). 

The term a-amino nitrogen is used here for the nitrogen determined by the 
manometric ninhydrin procedure. The term combined (or bound) a-amino 
nitrogen is used rather than the term ‘peptide nitrogen for two reasons: 
(1) Each of the a-amino nitrogens in a typical peptide molecule will be re- 
corded bj' the ninhj’drin method as combined, although one of these nitro- 
gens is not involved in a peptide bond; (2) the only evidence herein bearing 
upon the nature of the amino acid combinations in plasma is the degree of 
stability of the bound forms to acid. There is very little evidence for 
supposing that these compounds are not peptides, although Abderhalden 
and Rossner (11) failed to obsen'e a release by erepsin of combined amino 
acids in dialysates of horse serum (Table I). 

We have found the total a-amino nitrogen after acid hydrohsis of 
plasma filtrates to be a reproducible quantity whether hydrolysis was in 
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air or in nitrogen, at 100° or 110°, for any period over 12 hours (Table II), 
Alkaline hydrolysis also gave reproducible results, although only 85 per 
cent as much combined a-amino nitrogen mth one plasma as was obtained 
by acid hydrolysis (Table II). Tiyptophane is probably lost by acid 
hydrolysis of blood filtrates. A tryptophane level in plasma of 1.14 mg. 
per cent (24) would result in an underestimation of the combined a-amino 
nitrogen of 0.08 mg. per cent. An overestimation of the combined amino 
acids of the same magnitude results from the loss of glutamine in the 
estimation of free a-amino nitrogen (25). 

The postabsorptive levels of bound a-amino nitrogen of tungstic acid 
filtrates of plasma of young adults (twenty-one observations) ranged from 


Table III 

Free and Combined Amino Acids in Filtrates of Human Plasma (Mg. Per Cent) 


Subject and date 

Determination 

TtiocsUc odd 
nitrate 

Trichloroacetic 
add hltrate 

Ultrafiltrate 

Free 

Total 

Free 

Total 

Free 

Total 

H. C., Sept. 7 

a-Amino N 

4.45 

6.22 






Alanine " 

0.67 

0.69 





<1 (< 20 

a- Amino “ 



4.22 

6.12 



" “ 28 

it tt 

4.42 

6.12 

4.39 

6.01 

4.64 

6.07 

E, L., " 25 

<t 

4.10 

6.16 


6.27 

4.07 

4.93 

" Jan. 14 

it tt 

4.30 

6.47 


6.79 



“ » 28 

H 

4.11 

4.76 





T. R. 

ft ft 

4.72 

6.08 

4.63 

6.09 



D. J. 

ft if 

4.67 

5.18 

4.76 

5.23 




Glycine “ 

0.28 

0.33 

0.24 

0.34 



R, P. 

a-Amino “ 

4.25 

6.49 


6.73 




Glycine " 

0.29 

0.35 


0.31 



T. K. 

ce-Amino “ 

4.70 

5.23 






0.1 to 2.2 mg. per cent and averaged 0.9 mg. per cent (standard deviation 
0.44) (Tables III and IV). The concentration of combined amino acids 
evidently is subject to a much larger degree of variation than is the con- 
centration of free amino acids (21, 28). The bound a-amino nitrogen 
concentration has proved more responsive to changes in protein metabolism 
than the free a-amino nitrogen.^ There was usually little if any difference 
between the total a-amino nitrogen of trichloroacetic and tungstic acid 
filtrates (or of ultrafiltrates) of normal plasmas (Tables III and IV), although 
considerable differences occurred with diseased individuals* and in analyses 
of serum and erythrocytes. The fact that this "polypeptide” fraction of 
plasma was usually small or absent, but large in experimental or path- 
ological conditions,^ indicates that the substances involved in each of the 

’ Unpublished results, Christensen and Lynch. 
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two categories of combined amino acids are mainly different molecular 
species. On the other hand, with normal erythrocytes the analytical 

Table IV 

Free and Combined Amino Acids of Human Plasma and Serum 


The values are given in mg. per cent. 


] 

Sqbject ixd da.te 

! 

Detenaiution 

Tcnsstic add filtrate 

Trichlorcacetic 
add filtrate 

Free 

1 Totil 

Total 



PUcaa 

Seron 

Flaszaa 

Senna 

H. C., Dec. 20 

a-Amino N 

4.50 

4.40 

5.20 

5.05 


7.46 


Glycine " 

0.29 

0.28 

0.34 

0.33 


0.54 


Alanine " 

0.38 

0.35 

0.48 

0.44 



" " 27* 

ot-Amino “ 

4.85 

4.98 

5.27 

5.50 

5.33 

7.01 


Alanine “ 

0.62 

0.63 

0.63 

0.63 


0.83 

“ Jan. 21 

a-Amino “ 

4.66 

5.24 

5.73 


5.76 



Glycine ** 

0.37 


0.43 


0.42 


“ Feb. 8 

g-.Amino “ 

4.68 

4.93t 

5.47 


5.58 



Glycine “ 

0.32 


0.41 


0.44 



Alanine “ 

0.50 


0.69 




" " 15 

a-Amino “ 

5.06 

5.18 

5.76 


5.85 



« 


5.32t 


6.071 


7.071 

J. III.* 

<( (( 

5.2 

5.2 

6.03 



9.00 


l( 


4.9t 


9.781 


13.81 

D. W., Jon. 17 

<< tt 

4.40 

4.39 

5.83 

5.80 

6.79 



Glycine “ 

0.30 


0.37 

1 

0.38 

1 

“ “ 25 

g-Amino " 

4.41 

4.52 

5.20 

5.10 



“ " 31 

C( f( 

3.93 

4.33 

4.36 


5.27 



Glycine " 

0.31 


0.42 




h.b. 

g-Amino “ 

4.92 

5.04 

5.02 


5.84 



.. 


5.101 






Glycine “ 

0.32 


0.39 


0.40 



Alanine " 

0.57 


0.71 


0.67 


D. J. 

g-Amino “ 

4.10 

4.38 

5.10 

5.39 

6.29 

7.44 


CC l( 

4.11§ 

4.305 






• Serum by recalcification of oxalated plasma, 
t Fibrin clot left undisturbed 3 hours, 
t "Chloroform aerum,” Tagnou (26). 

I Analysis without deproteinization, MacFadyen (27). 


differences ohserv^ed with the two filtrates were due largely to a variation 
in the extent of the precipitation of glutathione (see below). 

Of the non-protein alanine and glycine of plasma, 16 and IS per cent 
respectively were as an average in combined form, compared with 17 i>er 
cent of the total a-amino nitrogen. This simil arity of partition as to free 
and combined state failed to suggest the presence of specialized structures 
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among plasma peptides, as contrasted -with erythrocyte peptides. The 
normal fasting levels of these two amino acids showed a constancy similar 
to that of the a-amino acids (glycine nitrogen, average 0.31 mg. per cent, 
s.D. = 0.026; alanine nitrogen, average 0.54 mg. per cent, s.d. = 0.08). 

Erythrocytes — ^Analysis of erythrocyte filtrates emphasized the major 
influence of glutathione on the picture obtained here. Bound glycme was 
about 40 to 50 times as great as in the plasma. Glutathione should con- 
tribute, per molecule, 1 boimd glycine molecule and 1 free and 2 bound 
a-amino nitrogen atoms. Analysis confirmed this assumption, the ratio of 
total to free a-amino nitrogen found for glutathione (obtained from the 
Eastman Kodak Company) being 2.95. Assuming that all the bound 
glycine of the red blood cells represents glutathione, one can calculate 
“non-glutathione” free and bound a-amino nitrogen. The free a-amino 
nitrogen values so obtained (Table III) were similar to those of simul- 
taneous plasma samples, while the corrected bound a-amino nitrogen values 
were slightly in excess of the values for plasma. This represents good evi- 
dence that the free amino acids of blood are rather evenly distributed 
between cells and plasma, and indicates that the peptide nitrogen (other 
than that due to glutathione) has a similar concentration in the two phases. 

Danielson (29) pointed out the large contribution of glutathione to the 
amino acid nitrogen of erythrocy^s and he attempted to escape this in- 
terference by preparing “unlaked” tungstic acid filtrates of erythrocytes 
and blood. Using his modification of the Folin colorimetric method (29), 
he concluded that erythrocytes of normal young men contained from 
0.34 to 2.19 mg. per cent of amino nitrogen with an average of 1.04 mg. per 
cent. Even lower values were reported for young women. Dunn et al. 
(24) reported an analysis of the tiyptophane content of a tungstic acid 
filtrate of unwashed erythrocytes which was about one-fourth the Con- 
centration observed in plasma. Hamilton and Van Slyke (21) found 
6.5 to 9.6 mg. per cent of a-amino nitrogen in erythrocytes, deproteinizing 
by picric acid. From these latter data, one sees that even if all the gluta- 
thione is recovered in picric acid filtrates, the free amino acids of erythro- 
cytes can scarcely be appreciably lower than those of plasma. Our meas- 
urement of bound glycine has permitted an evaluation of the ma.ximum 
contribution of glutathione to the amino acid values (free and bound) for 
erythrocjde filtrates. This contribution of glutathione has probably 
been overestimated previously; glutathione was not only incompletely 
but rather irregularly recovered in tungstic acid filtrates, thus probably 
explaining irregularities in amino acid contents found for erythrocyte 
filtrates by tungstic acid. (See, for example, Folin and Berglund (30).) 

Neither timgstic acid nor trichloroacetic acid filtrates revealed as much 
bound glycme as was to be expected from the values usually found for 
human erythrocyte glutathione (Table V), whereas a 2 per cent sulfosali- 
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cylic add filtrate (31), recommended for the determination of glutathione, 
showed bound glycine equivalent to 69 mg. per cent of erythrocyte gluta- 
thione. It has been recognized that trichloroacetic acid causes precip- 
itation of part of the glutathione, although it was not clear whether losses 
with tungstic acid were due to precipitation or to autoxidation of gluta- 
thione (31). Measurement of the bound erythrocyte glycine in sulfosali- 
cylic acid filtrates presents a simple measurement of total glutathione, 
unaffected by autoxidation of glutathione or by spontaneous splitting 
of glutamic acid from glutathione. If one assumes that the nou-gluta- 


Table V 

a-Amino Acid$, Free and Combined, of Erythrocyies (Mg. Per Cent) 


Sabject 

BetenninaUos 

Tunptlc &dd filttate 

TTriddortacetic xdd filtrate 

Free 

Boofid 

Non'glatatliione* 

Free i 

1 

Boned 

Noq- 

glatathioae* 

Frte 

Boond 

Free | 

Bound 

D. J. 

a-.Amiuo K 





8.03 

5.97 

5.75t 

1.41t 


Glycine “ 





0.30 

2.28 



R. P. 

o-,4mino “ 

6.79 

6.31 

4.42t 

1.57t 

7.15 

7.52 

4.45 

2.03 


Glycine “ 

0.34 

2.37 




2.75 




Alanine “ 

0.57 

0.00 




0.08 



H. C. 

a-.4mino “ 

6. 98 

5.39 

4.75§ 

0.935 

1 





Glycine " 

0.37 

2.2311 








Alamne " 

0.3 

0.2 








* Calculated under the assumption that the bound glycine is all due to glutathione. 

t Simultaneous plasma free amino acid N = 4.85 mg. per cent; bound (trichloro- 
acetic acid filtrate), 0.3S mg. per cent. 

t'Simultaneous plasma free amino acid N = 485 mg. per cent; bound (tungstic 
acid filtrate), 1.14 mg. per cent. 

§ Simultaneous plasma free amino acid N = 4.60 mg, per cent; bound, 0.60 mg. 
per cent. 

0 Analysis of the sulfosalicylic acid filtrate showed 3.10 mg. per cent of bound 
glycine N in this erythrocyte sample. 

thione bound glycme of eiythrocj'tes is the same as that of the plasma, a 
correction of about 0.06 mg. per cent of glycine nitrogen, or about 2 per cent 
of the total glutathione, should be deducted. The necessity of this as- 
sumption, which appears to be approximately correct, represents the 
flaw in this method for glutathione. 

Changes Produced by Blood Coagulation — ^MacFadyen (27) observed that 
serum contained as much as 10 to 40 per cent more a-anuno nitrogen than 
did plasma. We have also observed differences, although in only two of 
eleven cases were they as high as 10 per cent (Table TV), MacFadyen’s 
anal 3 rscs were made upon undeproteinized plasma and serum, ours upon 
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tungstic acid filtrates (in one case upon trichloroacetic acid filtrates also). 
However, deproteinization did not appear to reduce the difference, as in- 
dicated by the analyses upoh one blood (D. J., Table IV). Our data sug- 
gest that the continued contact with the fibrin clot is involved in the re- 
lease of a-amino groups. A quantitatively larger change observed by us 
upon coagulation was the appearance of 1 to 3 mg. per cent of “polypeptide” 
nitrogen, with little or no change in the combined amino acids' of the 
tungstic acid filtrate. The formation of tliis “polypeptide” fraction as a 
product of coagulation indicates that defibrinated blood or serum (Table I) 
should not be used fpr estimating combined, non-protein, amino acids of 
circulating blood. Glycine and alanine appeared to make up about 9 and 
17 per cent of the “polypeptide” a-amino nitrogen formed in coagulation. 

To compare the proteolytic activity observed in coagulation with the 
fibrinolytic activity studied by Tagnon (26) “chloroform serum” was 
prepared according to this author. A still higher concentration of com- 
bined amino acids in both filtrates (Table IV) was observed, although no 
free a-amino acids were released. 

EXPERIMENTAL 

Blood Samples — ^The subjects were normal young adults, E. L. and 
D. J. being young women. The samples were taken in the morning, no 
food having been taken during the preceding 12 hours. Blood was im- 
mediately heparinized’ after being draum from a cubital vein, except when 
the composition of serum and plasma was under comparison. In this case, 
either of two techniques was used: (a) A portion of the mixed blood was 
heparinized, while another portion was permitted to coagulate in the 
presence of the cells and the senun separated within 15 minutes, or in the 
absence of cells, separated by centrifuging in a paraffin-lined tube; or (&) 
28 ml. of blood were collected in a syringe containing 2 ml. of 3 per cent 
sodium oxalate; a portion of the plasma obtained was recalcified. The 
dilution of the plasma was calculated by measuring its volume after cen- 
trifugation. In either case the serum was left 3 hours at room temperature 
before analysis. Except as indicated in Table IV, the fibrin clot was 
removed when coagulation was complete. Plasma and cells were separated 
at once by 15 minutes centrifugation at about 3000 r.p.m. After removal 
of the plasma, both plasma and cells were recentrifuged. 

Deproteinization — ^Tungstic acid filtrates were prepared by the addition 
to plasma of 4 volumes of water and 5 volumes of freshly mixed sulfuric 
acid and sodium tungstate (32). Erythrocytes were treated with 16 vol- 
umes of the same tungstic acid solution. The determinations of a-amino 
nitrogen were begun within 2 hours to guard against loss of glutamine 

» Heparin was obtained from the Connaught Laboratories, the University of 
Toronto. 
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(25). 2.5 per cent trichloroacetic acid filtrates were made according to 
Hiller and Van Slyke (5) with freshly prepared 5 per cent trichloroacetic 
add, adjusted alkalimetrically to strength. 

Hamilton and Van Slyke (21) noted that determination of a-amino acids 
in trichloroacetic acid filtrates presented diflSculties because of' the for- 
mation of carbon dioxide from the deproteinizing agent. We found that, 
if such a filtrate promptly was acidified to 0.2 N with hydrochloric acid and 
extracted painstakingly four times with equal volumes of ether, freshlj' 
rendered peroxide-free, and then brought to dryness in vacuo below room 
temperature, the a-amino nitrogen was brought to a minimum value qmte 
rimilar to that found in the tungstic acid filtrate (Table III) . The resultant 
material was hydrolyzed as described above. In most cases we determined 
only the "total” concentrations of trichloroacetic acid filtrates, analyzing 
only the hydrolysates. Ultrafiltrates were prepared in the Lavietes ul- 
trafilter (33). 

Analylical Methods— a-Amino nitrogen was determined in blo^ filtrates 
and in hydrolysates of them by the use of ninhydrin, according to the 
method of Hanulton and Van Slyke (21), with a citrate buffer of pH 2.5, 
and a hydrazine-containing- (34) sodium hydroxide solution made up in 
25 per cent sodium chloride solution, for the primary absorption of carbon 
dioxide. The conversion factors of MacFadyen (27) were employed in the 
calculations. Analyses were performed at least in duplicate, and these 
usually differed by less than 1.5 i>er cent. To enhance the precision the 
aliquot portions were kept as large as possible (representing from 0.6 to 
1.5 ml. of plasma, cells, or serum). This was managed by analyzing con- 
centrates prepared from the filtrates. The probable error of the estimation 
of the bound a-amino nitrogen could thus be kept below 0.1 rng. per crat. 
Interference by urea was avoided as described by Hamilton and t an Slyke 
(21) by incubating samples with excess ninhydrin. This step was omitted 
with hydrolyzed samples which contained little urea. 

Glycine was determined by measuring the formaldehyde formed by 
ninhydrin, as described by Aje.xander, Landwehr, and Seh^an (3o). 
Blanks 'vs'ere run under each set of conditions to guard against t e presence 
of significant quantities of preformed formaldehyde. Alanme was d^ 
termined by measuring the acetaldehyde according to -Alexander ^ 
Seligman (36) with the modification that the reaction mixture was boded 
30 minutes with aeration of the refluxing vapors before ninhj was 
added to eliminate interference by aldehydes formed without the actio^f 
ninhydrin. Certain manipulations introduced interference o ^ 

Bather than attempt to avoid interference by leucine by addmg suUunc 
acid in the color development at a higher temperature, as sugg ^ y 
Ale-xander and Seligman, we have evaluated this interference by deterrmn- 
ing the optical densities spectrophotometrically at both 540 and 5S0 m;i. 
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At the latter -wave-length 6.3 times as much leucine nitrogen as alanine 
nitrogen -were required to produce a given density. The per cent of the 
optical density which was due to alanine nitrogen was estimated from the 
ratio of the optical densities at 540 and 580 mfi. From 75 to 90 per cent of the 
color was due to alanine. With these two methods the duplicate deter- 
minations in nearlj' all cases differed by less than 4 per cent for glycine and 
6 per cent for alanine and added glycine and alanine could be recovered. 

Hydrolysis — Preliminary experiments indicated that 2 molecules of 
flr-amino nitrogen could be recovered from glycylleucine hydrolyzed in 
4 N hydrochloric acid 24 hours at 100° in the presence of tungstic acid and 
urea, and in tungstic acid filtrates of plasma. Comparisons were made of 
a-amino nitrogen recoveries after hydrolysis of tungstic acid filtrates of 
plasma (concentrated in vacuo to about the original volume of the 
plasma) in 4 n hydrochloric acid ; (a) at 100° in sealed tubes for periods from 
6 to 48 hours; (5) under the same conditions but with a nitrogen atmosphere; 
(c) at 110° in sealed tubes; (d) refluxed 24 hours on a Woods metal bath; 
and in 2 N and 4 N carbon dioxide-low sodium hydro.xide for 24 hours at 
100° in sealed Coming alkali-resistant glass tubes. The hydrolysates 
were adjusted to about pH 2, thymol blue being used as indicator, before 
analysis. 

From the results (Table II) the following conditions of hydrolysis were 
selected. To a concentrated blood filtrate in a test-tube was added one- 
half its volume of 12 n hydrochloric acid. The tube was sealed in a flame 
(merely for convenience), and suspended for 24 hours in a flask of water 
boiling under a reflux condenser. The hydrolysate was taken to dryness 
in vacuo, water added, and the evaporation repeated. The hydrolysate 
then was made to volume for the various analyses. 

SUMMARY 

The plasma of jmung adults was found to contain from 0.1 to 2.2 mg. 
per cent (average 0.9 mg. per cent, s.d. = 0.44) of combined “non-protein” 
a-amino nitrogen, measured by the increase in a-amino nitrogen produced 
by acid hydrolysis, with in most cases little difference whether filtrates were 
prepared by tungstic acid or by 2,5 per cent trichloroacetic acid or by 
ultrafiltration. Alanine and glycine contributed to the bound amino acids 
in about the same proportion as to the free. 

Clotting of plasma produced not only small and variable increases in 
free a-amino nitrogen but larger increases (1 to 3 mg. per cent) in bound 
amino acids precipitated by timgstic acid but not b 3 ' dilute trichloroacetic 
acid. This latter new fraction contained about 9 and 17 per cent of its 
a-amino nitrogen as gamine and alanine, respectiveh^ 

The evaluation of the contribution of glutathione to the free and bound 
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amino acids of erythrocyte filtrates, as vrell as an estimation of glutathione, 
was attained by determining bound glycine. By this means it was shown 
that human erythrocytes contain concentrations of free a-amino acids 
smular to those of plasma, and slightly more of combined amino acids, 
exclu^g glutathione. 
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THE SPECTROPHOTOIMETRIC ESTIiLA-TION OF HEXURO- 
NATES (EXPRESSED AS GLUCURONIC ACID) IN 
PLASMA OR SERUM 

Bt W. B. DEICHMANN asd MAKJORIE DIEKKER 

(From Ifie Kettering Laboratory of Applied Physiology, College of Medicine, University 
of Cincinnati, Cincinnati) 

(Received for publication, January 25, 1&46) 

Tests tvith galacturonic acid‘ have shown that this compound reacts 
quantitatively with the naphthoresorcinol color reagent, much like glucu- 
ronic acid. This was to be expected. It may also be anticipated that this 
reagent will react with other B-carbon uronic acids which maj^ be available 
in the body for conjugation from time to time. It is for this reason that the 
use of the term “hexuronates” (instead of glucuronates) is recommended, 
whenever doubt exists as to the uronic acid available. 

Quantitative estimations of glucuronic acid in the urine of men and ani- 
mah have been found to be of value in determining the extent of the absorp- 
tion of certain types of compounds that conjugate in the body with glucu- 
ronic acid and that consequently lead to an increased urinary excretion of 
glucuronates. The determination of these compounds in blood has ap- 
parently not been attempted, except by Ratish and BuUowa (1), who 
removed proteins from whole blood and continued the analysis of the fil- 
trate essentially as outlined for urine by Maughan, Evelyn, and Browne 
( 2 ). 

Principle of Eslimaiion — ^The analytical procedure given here is a modi- 
fication of our method previously described for the estimation of glucu- 
ronates in urine (3). The method determines glucuronates (or hexuronates 
expressed as glucuronic acid) in plasma or serum without preliminary re- 
moval of proteins or glucose. The analysis is based upon (a) preliminary 
hydrolysis of the acidified sample at 75° (which makes a large amount of 
free glucuronic acid ready for immediate reaction when the color reagent 
is added); (b) addition of an excess of naphthoresorcinol (sufficient to 
react with the impurities, proteins, glucose, etc., and with glucuromc acid); 
(c) heating of the plasma-naphthoresorcinol-hydrochloric acid mbdure at 
50° (in our hands, heating to higher temperatures has not only caused loss 
of glucuronic acid but also has favored the formation of other compounds 
that react with naphthoresorcmol) ; (d) extraction of the pigment with ether ; 
and (e) determination of the density of the colored ether solution at wave- 
length 570 rap. 

* The galflcturoruc acid was kindly supplied by the Research Department of the 
CaUfomia Emit Growers Exchange, Corona Laboratory, Corona, California. . 
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Since naphthoresorcinol is used as the color reagent, the possibility cannot 
be overlooked that compounds closely related to hexuronates, and reacting 
similarly, may be reported as glucuronic acid. However, despite the non- 
specificity of tliis reagent, the method lays claim to a considerable degree 
of accuracy, as judged by the recovery of quantities ranging from 2 to 
100 y of glucuronic acid that were added to samples of plasma. 



Fig. 1. Relationsliip between density of color at 570 m/i and concentration of 
hexuronates, expressed as glucuronic acid. 


Reagents Required — 

Hydrochloric acid (38 gm. in 100 ml.). 

Hydrochloric acid (19 gm. in 100 ml.). 

Naphthoresorcinol® (10 gm. in 100 ml. of 95 per cent ethyl alcohol) . This 
reagent is centrifuged or- filtered and will remain stable for 5 days if kept 
cool and protected from light. 

Ether, c.p. 

Method of Analysis — 0.2 ml. to 1 ml. of plasma or serum is diluted with 
water to 1.8 ml. in a glass-stoppered 50 ml. graduated cylinder, and 0.2 ml. 
of 19 per cent hydrochloric acid is added. The whole is kept for 45 minutes 

> Purchased from B. L. Lemke, 248 West Broadway, New York, New York. 
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Tabie 1 


Recovery of Glitevronic Acid Added lo Raihit Plasma 


Ghcuiotiic 
»dd is 
vtilsae of 
phana 
inalyitd 

Borseol glccB- 
roaile sulded 
etjuivalent to 
fonoving 
quantities of 
glucuronic add 

Total glucu- 
ronic add 
in sample 
anal>’zed 

Total glucu-^ 
runic acid 
recovered 

1 

VoTttse of plasaa analyzed and range over which 
method is expected to give satisfactory recovery 

Plasma containing about ISO iag.% glucose 

r 

Y 

y 

r 


5.7 

2.0 

7.7 

7.3 

1 .0 ml . samples plasma, containing about 

9.0 

2.0 

11.0 

10.8 

150 mg. % glucose and from 0 to 40 -r 

0 

4.6 

4.6 

5.0 

glucuronic acid 

0 

4.6 

4.6 

4.2 


0 

7.0 

7.0 

7.0 


0 

7.0 

7.0 

8.0 


7.5 

8.4 

15.9 

14.8 


0 

40.0 

40.0 

39.0 


4.0 

45.0 

49.0 

44.0 


4.0 

45.0 

1 49.0 

40.0 


3.0 

71,0 

74.0 

70.0 


7.5 

83.3 

90.8 

68.3 


3.0 

134.0 

137.0 

126.0 


5.0 

177.0 

182.0 

157.0 


1.0 

I 2.0 

3.0 

4.0 

0.5 ml. samples plastaa, containing about 

1.0 

2.0 

3.0 ! 

2.7 

150 mg.% glucose^and from 0 to 60 -r 

2.5 

4.6 

7.1 1 

8.7 

glucuronic acid 

2.8 

9.2 

12.0 

12.0 


3.5 

32.0 ' 

35.5 

37.5 


0.7 

46.4 * 

47.1 

46.4 


3.5 

46.4 

49.9 

47.0 


2.5 

65.0 

67.5 

56.3 


2.7 

92.8 

95.5 

76.5 


2.7 

92.8 

95.5 

72.0 


0 

2.0 

2.0 1 

2.6 

0.2 ml. samples plasma, containing about 

0 

2.0 

2.0 

1.5 

150 mg.% glucose and from 0 to 100 -y 

2.0 

2.0 

4.0 

4.5 

glucuronic acid 

2.0 

2.0 

4.0 

6.0 


1.7 

4.6 

6.3 

6.5 


O.S 

9.2 

9.7 

9.2 


5.2 

31.0 

36.2 

35.0 


1.0 

62.0 

63.0 

63.0 


0.2 

62.0 

62.2 

55.0 


2.5 

92.8 

95.3 

91.3 


3.7 

92.8 

96.5 

92.5 


1.6 

87.5 

89.1 

90.0 


0 

105.0 

105.0 

108.0 
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Table I — Concluded 


Glucuronic 
acid in 
volume of 
plasma 
analyzed 


Sorncol glucu* 
ronnte added 
equivalent to 
follow ing 
quantities of 
glucuronic acid 



Volume of plasma analyzed and range over which 
method fa expected to give satisfactory recovery 


Plasma containing about 250 ing.% glucose 


y 

y 

y 1 

y 


1.0 

4.6 

6.6 

6.0 

0.5ml. samples plasma, containing about 

2.7 

4.6 

7.3 

8.0 

250 mg.% glucose and from 0 to 25 'y 

2.3 

21.8 

24.1 

24.6 

glucuronic acid 

3.0 

21.8 

24.8 

26.5 


4.2 

21.8 

26.0 

21.3 


2.3 

40.6 

42.8 

34.5 


2.6 

40.5 

43.0 i 

30.3 


1.4 

4.4 

5.8 

6.0 

0.2 ml. samples plasma, containing about 

1.4 

4.6 

6.0 

5.5 

250 mg.% glucose and from 0 to SO y 

2.2 

41.0 

43.2 

43.0 

glucuronic acid 

2.2 

48.0 

50.2 

49.0 


1.4 

92.8 

94.2 

86.0 


2.2 

92.8 

95.0 

83.0 



in a water bath at 75°; 2.0 ml. of concentrated hydrochloric acid and 1.0 ml. 
of 10 per cent naphthoresorcinol are then added, and the cylinder, as well 
as a similarly prepared blank (which contains the reagents, but water 
instead of the plasma), are allowed to stand for 90 minutes in a water bath 
maintained at 50°. After cooling under the tap, each of the solutions is 
extracted in the cylinder with about 8 ml. of ether by shaking vigorously 
for about 5 seconds. After separation in two layers, an additional 5 ml. 
of ether are added to each cylinder and the upper layer is mixed by gentle 
rotation. After a third portion of the solvent has been added to each 
cylinder, sufficient to bring the total volume of ether to exactly 15 ml., the 
total ether extract is again mixed in a similar manner. Addition of the 
second and third portions of ether and letting the solutions stand for about 
3 minutes after each addition of ether wdll completely clear up any tur- 
bidity caused by water in the upper layer. 

Colorimetric Reading — The colored ether is now pipetted into a glass- 
stoppered flask (dried immediately before use by alcohol and ether) and is 
ready for spectrophotometric analysis, which is carried out by using 10 mm. 
matched cells, with the instrument set at the wave-length 570 m/i. The 
experimental ether extract is compared with that obtained from the blank. 

Fig. 1 gives the relationship between density of color and concentration 
of glucuronic acid (or hexuronates expressed as glucuronic acid) in the 
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sample of plasma or serum analyzed. The final results are expressed in mg. 
per 100 ml. of plasma or |erum, respectiv'ely. (Fig. 1 rras prepared by 
plotting the readings obtained when known aqueous solutions of pure 


Tabix II 


Dtjlrifiulion of Bexuronatcs {Expressed As Glucuronic Acid) in Cells, Plasrrui, or 
Serum of Normal {Control) Buman Subjects, Rabbits, and Rats 


H. S. 

B. R. 

C. K. 
M.D. 
S.W. 
H.S. 
W.D. 

R. C. 

J. S. 

C. L. 

s. w. 
Rabbit 1 
" 2 
" 3 

" 4 

5 

*' 6 
" 7 

“ 8 
" 9 

" 10 
“ 11 
“ 12 
Rat 1 
“ 2 
■■ 3 
4 

“ 5 
“ 6 
'■ 7 


Hed blood cclU 

Phstaa 

Serca 

ftr too nl . 

ni. ICO ptJ. 

ttg . ter ICO rH . 

0.9 

1.2 

1.3 

0 

0.6 

0.6 

0 

0.6 

0.6 

0 

0.5 

0.6 

0 

0.6 

0.5 

0 

0.4 

0.4 

0.6 

0.9 

0.9 



0.8 

1.0 


0.7 

1.5 


0.8 

2.0 

1.4 

1.4 

0.4 


1.6 

0 

1.0 

1.5 

1.6 

2.2 

2.2 

1.6 

2.6 

2.5 

O.S 

0.8 

0.8 

1.3 

2.5 


1.1 

1.9 


0.8 

1.0 


0 

0.6 


0.4 

0.9 


0 

0.5 


0.8 

1.8 


0 

0.7 


0.7 

0.8 


0 

0.7 


0 

0.8 


0.5 

1.1 


1.0 

1.0 


0.5 

1.1 



glucuronic acid or of bomeol or menthyl glucuronate’ were analyzed bj' 
this procedure.) 

• The mentholglucuronic acid waa prepared and kindly supplied by Dr. Armand 
J. Quick of Marquette University School of Medicine; the bomeolglucuronic acid 
ester was purchased from the Fordomes Trading Company, Arlington, New Jersey; 
and the glucuronic acid was kindly supplied for these observations by J. R. Harrower 
of the University of Wisconsin. 
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Certain Practical Considerations — ^In observations not reported here, 
samples of 1.0 ml. of plasma or serum have given satisfactory results when 
routine specimens were checked for possible increases in glucuronic acid 
content. A volume of 0.2 ml. was generally adopted for analysis after 

Table III 


Distribution of Hexuronates (^Expressed 4s Glucuronic Acid) in Cells, Plasma, or 
Scrum of Babbits and Rats after One Oral Administration of Cyclohexanone 



Red blood cells 

Plasma 

Serum 


ms. per 100 ml. 

ms. per 100 ml. 

ns* ptf 100 ml. 

Rabbit* 1 

2.0 

8.6 

8.2 

" 2 

2.8 

31.1 

28.3 

" 3 

0.9 

13.9 

13.9 

“ 4 

0.9 

18.9 

20.0 

“ 5 

0 

20.0 

20.2 

“ 6 

0 

7.5 

8.1 

" 7 

1.0 

19.3 

19.8 

“ 8 

1.7 

17.3 

16.7 

“ 9 

1.3 

5.7 


“ 10 

0.7 

12.0 


“ 11 

0.2 

5.3 


" 12 

0.3 

6.9 


“ 13 

0 

8.0 


" 14 

0.6 

10.8 


Rat* 1 

0 

3.0 


“ 2 

0 

2.1 


“ 3 

0.5 

2.4 


» 4 

1.2 

7.5 


“ 5 

1.0 

4.4 


“ 6 

1.0 

4.4 


“ 7 

0 


7.7 

“ S 

0.9 


7.8 

“ 9 

0 


6.4 

“ 10 

0.8 


6.6 

“ 11 

0 


7.0 

“ 12 

0.4 

8.2 


“ 13 

0.7 

7.9 



* Each rabbit was given 2 ml. and each rat 0.4 ml. of cyclohexanone per kilo of 
body weight. Blood samples were drawn about 2J hours after medication. 


compoimds known to induce an increase of glucuronic acid in the blood 
had been administered to e.xperimental animals. 

Running a blank and comparison of the exjierimental ether e.xtract with 
that obtained from a blank tvill tend to eliminate errors introduced by 
variations in the purity of naphthoresorcinol. This modification was 
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deemed essential because of the much smaller quantities of glucuronic acid 
encountered in specimens of plasma than in those of urine. 

The ether extract (after removal from the hydrochloric acid solution) is 
stable for about 1 hour if protected from direct s unligh t. 

Hemolysis, if present, -vTill interfere and give false high values. A con- 
stituent of the red blood cell reacts vrith the naphthoresorcinol-hydro- 
chloric acid mixture and forms a brown ether-soluble pigment. 

3 days standing at 5“ or at 25° did not induce loss of hexuronates in 
samples of plasma obtained from rabbits given cyclohexanol. 


TABin IV 

SexUTonaies (Expressed As Glucuronic Acid) in Plasma and Urine of Eabbiis after 
One Oral Dose of Cyclohexanone or S-Methyl-S,i-penlanediol 


Hrs. alter 
oral adaiifli- 
stratioa of 
cosiponsd 

Rabbit D 3363,* dose 0^ 

1 ml. per Mo cyclobcia- 
co&e 

iRibbit D 3901.* dose IJlj 
ml. per Mo pestacediol I 

Rabbit D 3364,* dose | 
1.6 ml. per kilo cyclo- 
hetanone 

Rabbit D 3365,f dose 
3.0 ml. per kilo cyclo- 
hezacone 

Plaszaa 

Urine 

1 FUsma. 

Urine 

Plasma 

Urine 

Plasma, 

Urisw 


rtf. per 100 
ml. 

rtg. per lolal 
ecluf%e 

. per 100 
rd. 

1 

mg. per teiaJ 
tclutne 

1 1 

ftr IK 

■ 

rtg.per 

rolune 

1 

mg. per 1 00 
ml. 1 

mg^ per 
teici 
relume 

1 

7 

150 

9 

17 

20 

75 

22 

240 

2 

15 

290 

14 

75 

39 

127 

33 

330 

3 

11 

80 

15 

148 

58 

265 

42 ! 

500 

4 

5 

65 

34 

267 

67 

365 

43 

550 

® 1 

5 

60 

26 


84 

345 

43 

660 

6 1 

4 

40 1 

Ti 


98 1 

300 

31 

340 

7 

3 

45 

19 


120 

400 

15 

410 

8 



20 






12 

2 

20 



91 




14 

1 

10 







24 

1 

20 

1 

340 

5 

1740 

3 

290 

Total excreted. 

780 


847 


3617 


3320 


• Survived. 

t Died 26 hours after oral administration. 


EXPEKIMENTAIi 

Table I summarizes the recovery of glucuronic acid added to plasma. 
(The concentration of glucose in these samples of plasma was increased to a 
level of approximately 150 or 250 mg. per cent, respectively.) The lati- 
tudes over which the method is expected to give dependable results are 
indicated. Over these specific ranges the recoveries of glucuronic acid 
have been satisfactory in the presence of proteins and elevated concentra- 
tions of glucose. Table II gives the distribution of hexuronates (expressed 
as glucuronic acid) in red blood cells and in plasma or serum of blood 
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obtained from healthy (untreated) experimental subjects, rabbits, and rats. 
(The cells were washed three times Math 0.9 per cent aqueous sodium chlo- 
ride, subsequently hemolyzed with water, and the proteins precipitated 
wth 10 per cent aqueous sodium tungstate and f N sulfuric acid. The 
filtrate analyzed was equivalent to about 0.2 ml. of cells.) The figures 
show that, with a few isolated exceptions, hexuronic acids are normally 
present primarily in the fluid part of blood. Table III summarizes similar 
data after oral administration of cyclohexanone. Interestingly enough, 
increases in glucuronic acid values were found only in plasma or serum. 
Table IV summarizes data on the concentration of hexuronates (expressed 
as glucuronic acid) in the plasma of rabbits and the quantities excreted in 
the urine of these animals after administration of cyclohexanone and 2- 
methyl-2,4-pentanediol. The figures indicate. that estimations of glucu- 
ronic acid in either plasma or urine lend themselves for study of the rate 
of absorption or the metabolism of a compound that conjugates in the body 
with a uronic acid. 


SUIkOLART 

1. A photoelectric procedure is presented for the estimation of hexuron- 
ates expressed as glucuronic acid in plasma or serum without preliminary 
removal of ordinarily interfering compounds (proteins, glucose, etc.). The 
principle employed is similar to that utilized for the estimation of glucu- 
ronic acid in urine, which was reported earlier. 

2. .The greater portion of the hexuronates normally found in blood is 
present in the plasma or serum. Values found for untreated experimental 
subjects, rabbits, and rats, in terms of glucuronic acid, ranged from 0.4 to 
2.5 mg. per 100 ml. of plasma. 

3. Analysis of plasma or serum is recommended for the study of the 
rate of absorption or the metabolism of a compound that conjugates in the 
body with a hexuronic acid. The administration of cyclohexanone or 2- 
methyl-2,4-pentanediol to rabbits or rats induced no change in glucuronic 
acid values in the cellular fraction of blood, while increases of hexuronates 
in plasma were significant (up to 120 mg. of glucuronic acid per 100 ml.) 
and in direct relation to the quantities of hexaironates excreted in the urine. 
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Desthiobiotin (I), in 'whicb the tetrahydrothiophene 

o 

II 

c 

/ \ 

HN NH 

CHi — CH CH — (CHs)* — COOH 

(I) 

ring of biotin has been cleaved by removal of the sulfur but in which the 
nnidazolidone ring remains unaltered, possesses approrimately the same 
yeast growth-promoting activity as biotin (1). It also shows a strong 
antibiotin activity with LadabaciUus casei (2, 3). Various compounds have 
been prepared in which the carbon dreleton of desthiobiotin is altered but 
in which the imidazolidone ring is not changed. Certain of these compounds 
are definite antibiotins (4, 5). 

As a step toward ascertaining the effect of alteration of the unidazolidone 
portion of the molecule while retaining the carbon skeleton of desthiobiotin. 
We have prepared the thiourea analogue of desthiobiotin (II). 

S 

II 

c 

/ \ 

HN NH 

CHi — CH CS — (CH,)j — COOH 

(H) 

This analogue, 5-methyl-2-thiono-4-iinidazolidinecaproic acid, was prepared 
from ethyl f , ij-diaminopelaigonateby the action of carbon disulfide followed 
by heating to form the thiourea. The synthetic product was a mixture of 
the diastereoisomers. The separation of one of the optically inacth e di- 
astereoisomers from the initial mixture was accomplished by the fractiona- 
tion of the morpholine salts. Smaller amounts of this same isomer were 
obtained by repeated recrystallization of the free acids from water. 
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Assay of samples of the mixed isomers showed a stimulation of the grow-th 
of Saccharomyccs ccrcvisiac (6, 7), which is equivalent to an activity of 0.1 
to 0.2 per cent of that of biotin or of desthiobiotin. The purified isomer had 
an activity of 0.06 per cent that of desthiobiotin. This growth-promoting 
activity was inhibited bj' amounts of avidin equivalent to the thiourea 
analogue, showing that the avidin-combining power of the molecule has not 
been destroyed by the substitution of the thiourea for the urea moiety. 

The tliiourea analogue of desthiobiotin was also tested for inhibition of 
the growth of Laclohacillus casci by the procedure described (8). It was 
found to inhibit this organism, and tliis inhibition could be prevented by the 
addition of biotin. The molar inhibition ratio (4) was determined with an 
incubation period of 40 horns. For the mixed isomers of the thiourea 
analogue of desthiobiotin the molar inhibition ratio was found to be ap- 
proximately 600,000 and for the purified isomer 450,000. Since the ratio 
for desthiobiotin with Lactohacillus casci is 9100, the values represent 1.5 
and 2.0 per cent of the antibiotin activity of desthiobiotin for this organism. 

It is conceivable that a trace of desthiobiotin, resulting from the hydro- 
lytic removal of the sulfur from the thiomea grouping, could partially 
account for the activity. The fact that the isomer obtained bj’ the repeated 
recrystallizations from hot water possessed approximately the same activity 
as the initial mixture of isomers indicates at the least that such a hydrolysis 
does not proceed readily. In addition, the biotin and antibiotin acthnties 
of the thiourea analogue do not represent the same proportions of the 
corresponding activities of desthiobiotin, and it is more than probable that 
the antibiotin activity is an intrinsic activity of the molecule. 

In order to show that the samples of the S 3 mthetic diaminopelargonic 
acid from which the thiourea analogue of desthiobiotin was prepared con- 
tained appreciable amounts of the isomer corresponding to the natural 
desthiobiotin and biotin, the synthesis of desthiobiotin w'as carried out. 
With conditions similar to those used for the res 3 'nthesis of natural desthio- 
biotin from natural diaminopelargonic acid (9), an analyticallj- pure sample 
of the mixed isomers was obtained in 50 per cent jdeld. The product 
nossessed a growth-promoting activity for Saccharomyccs ccrcvisiac of 25 
per cent that of biotin. It was similar to the mixture prepared by the 
method of Wood and du Vigneaud (10) and is undoubtedh’- a mixture of 
di-desthiobiotin (11, 12) and dZ-desthioallobiotin (12). 

EXPERIMENT.iL 

Ethyl t] -Oxopclargonate — The alkylation of 104 gm. of ethyl acetoacetate 
with 176 gm. of ethyl e-bromocaproate (13) was carried out as described 
(14). The product was saponified in cold 5 per cent aqueous NaOH rather 
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than in diethylene glycol solution, as previously described. The crude 
ester, after distillation of the ethanol, was added to 1400 cc. of cold 5 per 
cent NaOH and the mixture was stirred vigorously. After 15 hours the 
alkali-insoluble material was separated. The solution was acidified with 
45 cc. of concentrated H:SO<, stirred for 2 hours, and heated on the steam 
cone for an additional 2 hours. The solution was extracted three times 
uith ether and the extracts were concentrated. 

The ISO gm. of crude ij-oxopelargonic acid were esterified by refluxing for 
4 hours with 600 cc. of ethanol and 30 cc. of concentrated HiSOi. The 
solution was concentrated, washed with water, and distilled, jielding 108 
gtn., boiling at 113-115° at 2 mm., and representing 68 per cent of the 
theoretical yield. 

The 2,4'dinitrophenylhydrazone was prepared. It was recrystallized 
from 90 per cept ethanol and melted at 94-95°.’ 

(3S0.4). Calcxilated, N 14.74; found, 14.73 

EOiyl t ,r]~Dianiinopelargonale — ^20 gm. portions of the keto ester were 
converted to the dioximino ester by the procedure described (14). After 
two recrystallizations from methanol-water, the crude mixture of isomeric 
dioximes was obtained in 50 to 75 per cent yield. These samples melted 
in the range of 90-105° and several more recrystallizations, entailing losses 
of 50 per cent or more, were required to obtain the material melting at 
107-108°. 

The reduction (14) to the ethyl diaminopelargonate was earned out on 
107—108° samples and on lower melting samples of the dioximino ester. 
Samples of the crystalline ethyl I'jij-diaminopelargonate sulfate prepared 
from either reduction product were identical. The reduction of the lower 
melting mixture of isomeric dioximes is markedly advantageous from the 
standpoint of over-all yield. 

Preparaiion of Thiourea Analogue of Desthiolnolin (6-Methyl-2-thiono-4- 
imidazolidinecaproic Acid — The 7 gm. of ethyl f , 7 ;-diaminopelargonate 
obtained by the reduction of 8 gm. of the dioximino ester were dned oi er 
phog)horus pentoxide to remove the last traces of ammonia. It was then 
dissolved in 25 cc. of methanol, and 25 cc. of carbon disulfide were added. 
The first few drops caused some evolution of heat and the formation of a 
slight precipitate. The solution was warmed to 45-50° and the excess 
carbon disulfide distilled. The evolution of HiS began and continued 
slowly for 8 hours. At that time 50 cc. of 50 per cent methanol were added 
and the heating was continued to expel the HtS completely. The solution 
was cooled, 10 cc. of 5 n NaOH were added, and the saponification of the 

’ Melting points were determined on a imero melting point apparatus. 
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ester was allowed to proceed at room temperature overnight. The solution 
was filtered after the addition of Darco. It was acidified, heated to boiling 
with Darco, and again filtered. The product which crystallized upon 
cooling at 6° was recrystaUized from 200 cc. of 15 per cent methanol. It 
amounted to 4.0 gm., representing 53 per cent of the theoretical yield. 
This mixture of isomers melted at 115-128°. After a second recrystalliza-* 
tion, a sample was obtained which melted at 122-128° and possessed the 
foUo\ving composition. 

CioHi.OjNiS. Calculated. N 12.16, S 13.92 

230.2 Found. “ 12.33, “ 13.80 

A product of the same melting point was obtained from ethyl diamino- 
pelargonate, which had been regenerated from the crystalline sulfate. 

The mixed diastereoisomers of the thiourea analogue of desthiobiotin 
were fractionated by a series of eight to ten recrystallizations from 30 to 40 
volumes of hot water. About 10 per cent of the sample was obtained as a 
product, melting sharply at 147-148°. 

CioH„0,N,S. Calculated. N 12.16, S 13.92 

230.2 Found. “ 12.14, “ 14.10, neutral equivalent 232 

The mother liquors from these recrystallizations yielded fractions melting 
from 120-140°. 

Fractionation of Morpholine Salts of Thiourea Analogue of Desthiobiotin 
— ^To 1 .27 gm. of the product, m.p. 115-128°, in 15 cc. of methanol was added 
0.5 gm. of morpholine. After the addition of 50 cc. of ether the salt crystal- 
lized in quantitative yield. It melted at 125-131°, and, without recrystal- 
iization, it possessed the following composition. 

CuH„0,N,S (317.3). Calculated, N 13,24; found, 12.82 

To 1.3 gm. of this product in 100 cc. of hot ethyl acetate were slowly 
added 12 cc. of ethanol, imtil complete solution was obtained. Upon 
cooling the solution, 0.87 gm. of crystalline salt, m.p. 110-116°, was 
obtained. After two more such recrystallizations from 50 cc. portions of 
ethanol-ethylacetate (1:4), followed by one from 10 cc, of alcohol, 0.60 gm. 
of salt melting at 126-128° was obtained. Admixture with the unrecrystal- 
lized salt lowered the melting point. 

CuHjtOjNiS. Calculated. N 13.24, S 10.10 

317.3 Found. “ 13.38, ‘‘ 10.34 

When 400 mg. of this salt were dissolved in 6 cc. of water and HCl was 
added, the free acid crystallized. It melted at 144^147° and, after recrystal- 
lization from 7 cc. of hot water, 200 mg., melting at 147-148°, were obtained. 
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Admkture with the sample obtained through the fractional crystallization 
nnm water caused no depression of the melting point. 

The residues from the mother liquors of the recrj’stallizations of the 
morpholine salt possessed melting points between 95-117° and no pure 
second isomer was obtained. 

Desthwhiolin — To 130 cc. of 10 per cent NaiCOj was added 1 gm. of 
ethyl f,Ti-diaminopelargonate sulfate and the solution was heated to 90° 
or a few minutes to saponify the ester. The solution was then medntained 
^25 and was treated with phosgene imtil it became acid to Congo red. 
The solution was then concentrated to dryness m vacuo. The residue was 
taken up in 75 cc. of water and a small amount of material, insoluble in 
wato and in ether, was discarded. The aqueous solution was extracted 
continuously with ether for 16 hours and the ether was then evaporated, 
leaving 550 mg. of crystalline residue. The latter was dissolved in a small 
amount of methanol and water. After the solution was treated with 
Darco and filtered, it was concentrated to dryness. The residue was 
^crystallized from 10 cc. of water. The first crop, crystallizing rapidly at 
room temperature, amoimted to 50 mg. and melted at 146-155°. It pos- 
sessed a low biolo^cal activity and was not further investigated. The 
main fraction crystallized upon cooling at 5°. It amounted to 340 mg., 
repr^enting 50 per cent of the theoretical yield. Assay with Saccharomyces 
cera^ae showed a growth-promoting activity which was 25 per cent that 
of biotin. It melted at 132-134°, which corresponds to the melting point 
of the product of similar activity reported by Wood and du Vigneaud (10). 
There was a trace of material present which melted at approximately 142°. 
The product possessed the following composition. 


CijHjiOjNj (214.3). Calculated, N 13.08; found, 12.87 

additional 80 mg. were obtained upon concentration of the mother 
liquors. 


SUMMARY 

To investigate the effect of an alteration of the imidazolidone moiety of 
desthiobiotin, the synthesis of the thiourea analogue has been carried out. 
In contrast to desthiobiotin this thiomrea analogue possesses verj^ slight 
powth-promoting activity toward yeast. This activity is completely 
m^bited by avidin. Toward Lactobacillus easel, the thiourea analogue 
evidences a low antibiotin activity in comparison with that of desthiobiotin. 

The authors wish to thanh Dr. Karl Dittmer and hliss Martha Fuchs for 
the microbiolopcal assays and Dr. J. R. Rachele and Mr. Roscoe C. Funk, 
Jr., for the microanalyses carried out in connection with this work. 
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LETTERS TO THE EDITORS 


STREPTOCOCCAL FIBRIKOLTEIN 

Sirs: 

It is well known that an exotoxin from the broth cultures of certain 
strains of S-hemolytic streprococci produces solution of a fibrin clot in 
plasma.'" The chemistry of its isolation is not complete and many prop- 
erties must stiU be determined. A convenient, simple method is presented 
for the concentration of streptococcal fibrinolysin as also is an assay tech- 
nique that has been found quite suitable. 

Culture of ^-hemolytic streptococci, American Type Culture Collection 
stram 6011, was made on blood agar slants. A broth inoculum was made 
by transfer from the blood agar slant to 10 ml. of the broth recommended 
by Christensen.’ This was incubated at 37° for 24 hours. Inoculation 
''ras made at the rate of 1 ml. of seed per 500 ml. quantities of broth. 

After 24 hours incubation at 37°, 8 liters of broth were sterilized by filtra- 
tion through a Handler filter, 10 gm. of norit SG-11 per liter were added, 
and adjustment to pH 5.5 made vrith n HCl. 

The norit was collected by centrifugation in the angle head International 
centrifuge at 5000 b.pjj. for 10 nunutes. The streptococcal fibrinolysin 
■was eluted three times by suspending the norit in 300 ml. of 0.1 ii phosphate 
buffer, pH 7.3.’ The eluate was separated from the norit by centrifuga- 
tion as above. The combined eluate, 900 ml., was filtered through a Seitz 
filter with a Fisher EK pad. The filtrate was dialyzed for 3 horns in 
Ifisking No Jax 29/32 casings against frequent changes of cqld distilled 
water. Dialysis was considered complete when no test for phosphate could 
be obtained in the formerly buffered eluate. The solution of streptococcal 
fibrinolysin was concentrated to 200 to 250 ml. in a vacuum still at 32-35° 
and then lyophilized. Final drying of the solids was accomplished in a 
vacuum deaccator over phosphorus pentoxide. 

These streptococcal fibrinolysin preparations were a very light tan 
powder, non-hygroscopic, and stable for at least 1 year in this state. The 
solubility curves showed tv.-o definite components with a possible third 
compound of very limited solubiUty. Streptococcal fibrinoh-sin is soluble 

* Tillett, tv. s., and Garner, R. L., J. Exp. Med., 68. 4S5 (1933). TUIett, W. S., 
Bad. Her., 2, 161 (1938). Christensen, L.R.,J. Gen. PAysioh, 28, 363 (1915). 

’ Gamer, R.L.,andTniett,W.S.,J'.Exp..Ved., 60,239 (1934). 

’ Christensen, L. R., J. Infect. Dis., 66, 27S (1940). 


768 


LETTERS TO THE EDITORS 


in ammonium sulfate solutions up to at least 65 per cent concentration 
of this salt. It is soluble at pH 5.5. 


Assay of Streptococcal Fibrinolysin SOT 

For this experiment 8 liters of sterile broth culture were divided equally and 
worked simultaneously. 


Msterlal usayed 

NoritSG-n j 

Al(OH), B 

Lysis time 

Broth 

8 hrs. 

8 hrs. 

Supernatant broth after adsorp- 
tion 

No lysis in 24 hrs. 

No lysis in 24 hrs. 

PO 4 eluate 

4 hrs. 

>16 hrs. 

Dialysate 

230 min. 

>16 “ 

Lyophilized (1 mg. sample) 

84 “ 

142 min. 


Assay was accomplished by adding 0.2 ml. of a solution of streptococcal 
fibrinolysin to 0.1 ml. of 100 unit thrombin and adding 0.3 ml. of plasma 
containing 300 mg. per cent of fibrinogen. The table shows the assays 
of uorit-prepared material as well as assays of streptococcal fibrinolysin 
adsorbed on Willstatter’s polyaluminum hydroxide B.*’^ 

Research Laboratories Eugene C. Loomis 

Parke, Davis and Company Robert M. Smith 

Detroit 

Received for publication, May 10, 1946 


^ Willstatter, R., Ber. chem. Ges., 67, 1082 (1924). 












A. HEAT-LABlIiE STIMULATORY FACTOR FOR 
STREPTOCOCCUS FAECALIS R 


Sirs: 


We have previously described* a new, labile factor present in liver and 
nailk which is necessary for the maintenance of normal weight and blood in 
the monkey. Since routine assays for this factor with the monkey are 
long and tedious, attempts were made to determine whether similar 
stances might stimulate growth of bacteria. Preliminary trials wi a. 
number of organisms revealed the presence of a heat-labile substance m 
raw liver and raw Tnilk which stimulated growth of Streplococais Jaeants 
R on a “complete” purified medium. This medium contained, per tu e, 
hydrolyzed casein 50 mg., l-cj’stine 2 mg., glucose 200 mg., sodium acetete 
200 mg., trj-ptophane 500 y, adenine 100 y, guanine 100 y, uracil 100 y, 
pyridoxine 20 7, niacin 5 7, riboflavnn 2 7, calcium panto^^te 1 y, 
thiamine 1 7, p-aminobenzoic acid 1 y, folic acid 0.05 7, biotin 0.0 7, 

Salts A’ 0.05 cc.. Salts B» 0.05 cc., and a tiy-ptic casein digest (to supply 

strepogenin*) 6 mg. _ _ , , , 

The basal medium and appropriate amounts of distilled water v ere a ^ 
to test-tubes which were then autoclaved at 15 pounds pressure for 1 ****? 
utes. The liver and whey preparations were filtered through a s^e 
Seitz filter and added aseptically to the tubes to make a total volume 

of 10 cc. ■ n t 

Cells from an 8 to 12 hour-old culture of S. faecalis R m 10 m. ot an 
enriched basal medium were centrifuged and resuspended in 1 ^ 

sterile saline. 1 drop of this suspension was added to each tobe. iUe 
tubes were incubated for 12 hours at 37° and comparative turbi ® ^ 

mined with an Evelyn colorimeter and Filter 660 with the test-tu e o er 

in the colorimeter set for 6 cc. u a cA 

Addition of very dilute preparations of raw liver or raw w eypro 
significantly more growth than was obtained in the tubes contmning o y 
the basal medium (see the table). When the liver or whey supp emm was 
autoclaved for 15 minutes at 15 pounds pressure, very little or no s u a 
tion of growth occurred, indicating the beat lability of this fac or. 


• Coopennau, J. M.,'WaiBman, H. A., McCall, K. B., and ElvebjOT, C. 

), 45 (1945). Coopennan, J. M., McCaU, K. B., and Elvehjem, C- A-, • 

IS (1945). Coopennan, J. M., Ruegamer, W. R., and Elvehjem, C. A., Pro . 


Exp. Biol, and Med., in press. 

» Salta A contains KH,PO, 5 gm., K,HPO. 5 gm., and H,0 50 cc. _ 
'Salta B contains MgSO.-7H,0 10 gm., NaCl 0.5 gm., FeSO.-/H.vj 
MnSO.-HsO 0.5 gm., H,0 250 cc. 

' Sprince, H., and Woolley, D. W., J . Exp. Med., SO, 213 (1944). 


0.5 gm., 
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Maximum growth was obtained when a filtered water extract of 5 mg. 
of raw liver or 1 cc. of filtered raw whey was added to each tube. 

The addition of glutamine, ascorbic acid, thioglycolic acid, or pyridox- 
amine to tubes containing either the basal medium or the basal medium 
plus autoclaved liver failed to giv'e any stimulatory effect. 


Supplement to 10 cc. bual medium 

Galvanometer readings 

Filtered (unbeated) 
aamples 

Samples autoclaved 

15 min. 

None 

70 

70 

Extract from 1 mg. raw liver 

59 

70 

(( <1 ^ tt it H 

47 

70 

it it ^ it a it 

38 

66 

Raw whey, 0.02 cc 

56 

70 

‘‘ 0.10 “ 

50 

68 

“ “ 1.0 " 

38 

62 

Glutamine, 5-500 y 

70 

Ascorbic acid, 5-500 y 

70 


PyriHoYaminGj 5-500 y 

70 


Thiog^ly^ioli^; anrW, 5-500 y 

70 

1 




The bacterial factor and the monkey factor show similar lability and 
distribution in liver and milk products. Much further work will be re- 
quired to determine whether the t%vo substances are identical. 


Departmenl of Biochemistry 
College of Agriculture 
University of It'’tscon5m 
Madison 


JackM. Coopebman 
W. R. Ruegameb 
Esmond E. Snell 
C. A. Elvehjem 
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THE DIFFERENTIAL EFFECT OF BIOTIN SULFOI;^ 
■y(3 ,4-UREYLENECyCLOHEXyL)BUTyRIC ACID OTON 
THE MICROBIOLOGICAL ACTIVlTy OF BIOTIN 
.VNT) OXYBIOTIN* 


Sirs: 

The anlibiotin activities of biotin sulfone' and 7-(3,4-urejlei^cjcio- 
hexj‘l)butyTic acid* have been reported. The present experunen s emon 
strate that for LaciohacUlus arahinosns* the inhibitor}' action o ^ 
pounds toward dZ-ox}’biotin« is much more pronounced than toward d-monn. 



MILUMICROGRAMS GROWTH FACTOR 
Fig. 1. The differential effect of biotin sulfone (S) 
but 5 *ric acid (Xj) upon the microbiological activity o lo in a 

Neither the sulfone nor the ure}'lehe compound had any growth-pro- 


“?he®£Sfof biotin sulfone (200 to 1200 

upon growth resulting from var}'ing levels of d-biotin (0.1 to 1.0 nulhmi 

* This wort was aided bv a grant from the biotin, and 

IVe wish to thank Dr. Karl Folkets of Merck and Company, ^ j 

Dr. J. P. English of the American Cyanamid Company for the t-( 3.4 ureyie . 

hexyDbutyric acid. , rtoiix 

*Dittiner,K., and duVigneaud,V., Science, 100, 1- V • ^ J.O.,and 

^ EngUsh, J. P., Clapp, R- C., Cole, Q. P.,_Halvemtadt, I- F.. Lampen, 

Roblin, R. O., Jr., J. A7n.C?irm.Soc.,67,29a (mo). XTed 66.95 (iMt). 

» Wright, D. D., and Skeggs, H. R.. Proc. Soc. E^. Ld O.I 

The basal medium vras modified by the addition of -o gm. 

gtn. of Z-aspararine per liter. , « tr Sn'ence. 102, 35 

‘ Pilgrim, F. J.. Lelrod, A. E., TVinnick, T., and Hofmann, K., Sncncc. 

(1945). 
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gram per tube) or rf^-oxybiotin (0,2 to 2.0 millimicrograms per tube) 
were first determined with an incubation period of 72 liours. Under these 
conditions, biotin sulfonewas considerably more effective as an antagonist 
for oxybiotin than for biotin. The most marked differential inhibition 
was observed at a level of 800 millimicrograms of biotin sulfone per tube. 
This level completely inhibited oxybiotin activity, while growth due to 
biotin was virtually unaffected (Fig, 1). Considerably higher sulfone levels 
had to be used in order to prevent growth due to biotin. 

The inhibitory effect of biotin sulfone upon both biotin and oxybiotin 
was more pronounced at an incubation period of only 48 hours. With this 
shorter incubation, a marked differential inhibitory effect was noted at a 
level of 200 millimicrograms of biotin sulfone per tube. 

A similar differential inhibition was obsen'ed with ‘y-(3,4-ureylenecyclo- 
hexyl)butyric acid. Levels of this compound ranging from 40 to 200 
y per tube were employed in the presence of d-biotin (0.1 to 1.0 miUhnicro- 
gram per tube) or df-oxybiotin (0.2 to 2.0 millimicrograms per tube). 
At incubation periods of 72 and 48 hours, the most marked differential 
inhibition was noted with 70 y (Fig. l) and 40 y of the antagonist per tube, 
respectively. The inhibitory effect of the sulfone and the ureylene deriva- 
tive upon dl-oxybiotin could be reversed by increasing amounts of the 
oxygen analogue. 

It would seem possible to utilize the observed differences in sensitivity 
of biotin and oxybiotin toward biotin sulfone and 7-(3,4-ureylenecyclo- 
hexyl)butyric acid as the basis for a differential assay. 

Inslilutc of Pathology, Western Pennsylvania Hospital, A. E. Axelrod 

and the Department of Chemistry, University of Pittsburgh Jean DeWoodt 

Pittsburgh Klaus Hofmann 
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'IHE occurrence of a “PELLAGRAGENIC” agent 


IN CORN 


Sirs; 


The tme honored association of the occurrence of pellagra with the eating 
of com is not, as Aykroyd and Swaminathan* have shown, due entirely to 
deficiency of nicotinic acid in this grain. Kxehl ct al? have shown that 
exerts a growth-inhibiting action on rats recehing a ration low in 
uyptophane, and that nicotinic acid causes restoration of normal gains. 


Response of Mice to Com Fractions 


Addi&n to b&sil ntioti 


No. of tatcsals 

Average E»ia 

1 

1 

J. None 

e^tcaUnf fer \ 
ctnt ef corn \ 

37 

r-i-rerri. 

2.1* 

2. Nicotinamide, 0.295, 


14 

2.7 

Uiicij NaOH extract of com 

200 

14 

1.2 


100 

4 

1 0.5t 

(3) + nicotinamide 

50 

4 

! 1.8 

200 

11 

3.0 

5, DUute H,SO, extract of CSa. extract 

200 

1 8 

0.5 

d. Acid residue of (3) 

200 

5 

2.1 


* The mice used in these experiments were a smaliv breed than those used in 
previous work from this laboratory. 

t Decrease in potency with more than 100 equivalent per cent of (3) was probably 
due to traces of nicotinamide. Removal of this by shaldng (3) with water resulted 
m increased potency. 


These authors have explained their observations on the basis of amino 
heid imbalances’ and of the effect of com on intestinal bacteria. On the 
other hand, as a result of experiments on the induction of nicotinic acid 
deficiency with S-acetylpyridine,'* Woolley has posttilated that the pel- 
lagragemc action of com may be due to a specific substance, possibly an 
analogue of nicotinic add.® Attempts have therefore been made to demon- 
strate a substance in com which would cause a pellagra-like disease pre- 
ventable by nicotinic add. The presence of such a pellagragenic substance 

’ Aykroyd, W. R., and Swaminathan, M., Indian J. Med. Res., 27, 667 (1940). 

’ Krehl, W. A., Tepley, L. J., and Elvehjem, C. A., Science, 101, 2S3 (1945). 

• l&ehl, W. A., Sarma. P. S.. Teplej' L. J., and Elvehiem, C. X., J. Xutr., 31, 85 
(1946). 

‘Woolley, D. W., J. Biol. Chem., 167, 455 (1945). 

‘Woolley, D. W., J. Biol. Chem., 162, 179 (1946). 

773 




774 


LETTEHS TO THE EDITORS 


has been demonstrated and considerable concentration of it has been 
achieved. Tlie basal diet for this purpose was composed of sucrose 85, 
casein 9, cj^stine 0.2, salts' 5, fortified com oiP 1, and adequate water- 
soluble vitamins except nicotinic acid.^ Although the addition of com to 
this ration did not result in poor growth in mice as it did in rats, a chloro- 
form and sodium hj'droxidc extract of the grain markedl}’’ reduced the 
growth rate. In addition, such an extract caused many of the animals to 
develop mild diarrhea, and considerable reddening of the skin and tongue. 
These signs were similar to those seen in pellagra and were preventable or 
curable with nicotinamide (0.2 per cent of the ration). Commercial crude 
corn oil in contrast to the alkaline chloroform extract was not deleterious. 

The disease-producing agent appeared to be a weaklj' basic water-soluble 
compound, since it was extractable from chloroform by dilute H:SO<, and 
remained in aqueous solution when the sulfate was removed with barium 
hydroxide. Whether or not it is a pyridine derivative cannot be estab- 
lished until the pure material has been isolated. By appropriate solvent 
extractions an ether- and rvater-soluble fraction has been prepared which 
caused maximal inhibition of growth of mice under our conditions when 
fed at a level of 1 mg. per 100 gm. of ration (100,000-fold concentration of 
activity). 

Laboratories of The Rockefeller Jnstilutejor Medical Research D. W. WooniXT* 

New York 

Received for publication. May 16, 19-16 

' Phillips, P. H., and Hart, E. B., J. Biol. Chem., 109, 657 (1935). 

7 Woolley, D. W., J. Biol. Chem., 143, 679 (1942). 

• With the technical assistance of A. Holloway and R. A. Brown. 
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in tissue slices, 301 

Walden, M. K. See Balls, Thompson, 
and Walden, 571 

Wicks, L. F. See Tatum, Ritchey, 
Cowdry, and Wicks, 675 
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fflBs, J. H.i Jr. See Shantz, Embree, 
Bodge, and Wills, 455 

Winfersfelner, O. See Fried, Koerber, 
and WinterstrineT, 341 

VooUey, D. vr. The occurrence of a 
“pellagragenic” agent in corn, 773 
— . ReverBal of the action of phenyl 
psntothenone by certain amino acids, 

481 


Z 

Zlttle, Charles A. Ribonucleinase. III. 
The behavior of copper and calcium 
in the purification of nucleic acid and 
the effect of these and other reagents 
on the activity of ribonucleinase. 111 
— . r\'. Hydrolysis of ribonucleic acid 
by ribonucleinase and by sodium 
hydroxide, 119 
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Acetic add: Dial-. See Oxalacetic acid 
AcetyUse: Choline, Nachmaiuohn, 

John, and Berman, 475 

Acetylcholine: Nerve axon, formation, 
Xachmamohn, John, and Berman, 

475 

Adenlaet-Dinucleotide, flavin-, a tabrine, 
quinine, and other compounds, d- 
amino acid oxidase effect, BeUerman, 
lAndsay, and Bovamiek, 553 

Adenoslnetriphosphafase: Myosin, sepa- 
ration, Bolis and Meyerhof, 339 
Adenylic add: Glucose ondation, 
malaria parasites, atabrine and, ef- 
fect, Botamick, lAndtay, and 
BeUerman, 535 

Adrenocorticotropic hormone: Blood 
plasma phosphatase, alkaline, effect, 
JA, Kalman, Evans, and Simpson, 

715 

Aldehyde(s): Fatty, higher, muscle 
fatty acid metabolism, relation, 
Ehrlich and Waelsch, 195 

^alfa: Carotene-destroying system, en- 
ayme nature, Mitchell and Hauge, 

7 

Alloxan: Diabetogenic action, chemical 
structure relation, Hidy, 307 j 

-Related compounds, diabetr^nic ac- 
tion, chenucal structure relation, 
Bidy, 307 

Amino addfs): Dunn, Camien, Shank- 
man, and Block, B17 

Dunn, Shankman,Camien, and Block, 

589 

Conjugated, non-protein, blood plasma, 
Christensen and Lynch, 741 

— , — , , blood senim, and ery- 

throcytes, postabsorptive state, 
Christensen and Lynch, 741 

d-, oxidase, flavin-adenine-dinucleotide 
of atabrine, quinine, and other com- 
pounds, effect, BeUerman, Lindsay, 
and Bovamiek, 553 

Determination, microbiological, Gun- 
ness, Dvryer, and Stokes, 159 


Amino aclds(s) — continued: 

Free, blood plasma, determination, 
microbiological. Bier and Bergeim, 

129 

Phenyl pantothenone action reversal, 
effect, Woolley, 

Proteins, nutritive value, relation, 
Mitchell and Block, 5^ 

Amlnobenxolc add: p-, epidermis, 
methylcholanthrene carcinogenesis, 
Tatum, Ritchey, Comdry, and Wicks^ 

675 

Amylase: sweet potato protein, rela- 

tion. Balls, Thompson, and Wodden, 

571 

Androgen(s): Absorption spectra, 

Furchgott, Rosenkraniz, and Shorr, 


Related steroids, absorption spectra, 
Furchgott, Rosenkrantz, and Shorr, 

375 

Antinvasin; Blood plasma. Baas, 

Apatite; Hydroxy-, strontitun adsorp- 
tion, radioactive isotope in study. 
Bodge, Gavett, and Thomas, 1 

Apparatus: Spectrophotometer, Beck- 

man, biological materials, determina- 
tion, micro-, use, Lourry and Bessey, 

633 

Ascorbic add: Carbohydrate metab- 
oUsm, deficiency effect. Murray and 
Morgan, 

Atabrine: Flavin-adenine-dinncleotide, 

d-amino acid oxidase effect, Belief 
man, Lindsay, and Bovamiek, 553 
Glucose oxidation, malarial parasi^, 
adenyUc acid and, effect, Borarnirt, 
Lindsay, and BeUerman, 535 


B 

Badllcs: See also TxxlobadXlus 
Bacteria: Proinvasin, Baas, *9 

See also Streptococcus 
Bean: Soy, ribonucleinase, Schlamotz^ 
and Gamer, 

isolation. Sehlamouniz and ba^ 

• ’ 4S7 

Tier, 


7S3 
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Beckmnn: Spectrophotometer, biological 
materials, clctorminations, micro-, 
use, Lowry and Bcsscy, C33 

Benzole acid: p-Amino-. See Amino- 
benzoic acid 

Biotin: Biotin sulfonc and 7-(3,-J-urcyI- 
enccj’clohoxyDbutyric acid cfTcct, 
Ajclrod, DcWoorly, and Hofmann, 

771 

Dcstbio-, thiourea analogue, Brown 
and du Vigneaud, 7C1 

Epidermis, methylcholanthrcnc car- 
cinogenesis, Talum, Ritchey, Cowdry, 
and Wicks, 075 

dZ-Oxy-, activity, Axelrod, Pilgrim, 
and Hofmann, 191 

Oxy-,biotinsulfoneand7-(3,4-urcylenc- 
cyclobcxyl)butyric acid effect, Axel- 
rod, DeWoody, and Hofmann, 771 
Sulfone, biotin and oxybiotin micro- 
biological activity, effect, Axelrod, 
DeWoody, and Hofmann, 771 

Blood: Electrolyte equilibrium, over- 
breathing effect, Rapoporl, Stevens, 
Engel, Ferris, and Logan, 411 

Potassium determination and distribu- 
tion, Hold, 429 

Sodium determination and distribu- j 
tion, Hold, 429 

Blood cell(s); Red, amino acids, con- 
jugated, non-protein, postabsorptivc 
state, Christensen and Lynch, 741 
— , avian, glycolysis, aerobic, intra- 
cellular ions, effect, Dischc, 575 
— , Plasmodium lophurae separation, 
saponin use, Bovamick, Lindsay, and 
Hellerman, 523 

Blood plasma: Amino acids, conjugated, 
non-protein, Christensen and Lynch, 

741 

— — , — , — , postabsorptivc state, 

Christensen and Lynch, 741 

— — , free, determination, microbio- 
logical, Hier and Bergeim, 129 

Antinvasin, Haas, 63, 101 

Hexuronates, determination, spec- 
trophotometric, Deichmann and 
Dierker, 753 

Iodine determination, Taurog and 
Chaikoff, 313 


Blood plasma — continued; 

Phosphatase, alkaline, hypophysec- 
tomy and adrenocorticotropic hor- 
mone effect, Li, Kalman, Evans, and 
Simpson, ' 715 

Proteins, electrophoresis, heat in pres- 
ence of sugars, effect, Hardt, Huddle- 
son, and Ball, 211 

Blood serum: Amino acids, conjugated, 
non-protein, postabsorptivc state, 
Christensen and Lynch, 741 

Hexuronates, determination, spectro- 
I photometric, DcichmannandDicrker, 

I 753 

Polysaccharide determination, Seibert 
i and Alno, 511 

Proteins, electrophoresis, heat in pres- 
ence of sugars, effect, Hardt, Huddle- 
son, and Ball, 211 

Bone: Strontium adsorption, radioactive 
isotope in study, Hodge, Gavett, and 
Thomas, 1 

Brain: Suspensions, glycolysis, anaero- 
bic, Elliott and Henry, 361 

— , metabolism, Elliott and Henry, 

351, 361 

— , respiration, oxygen tension effect, 
Elliott and Henry, 351 

Butyric acid: 7-(3,4-Ureylenecyclo- 
hexyl)-, biotin and oxybiotin micro- 
biological activity, effect, Axelrod, 
DeWoody, and Hofmann, 771 

C 

Calcium: Nucleic acid purification, 
effect, Zittle, HI 

Ribonucleinase, effect, Zittle, HI 
Carbohydrate (s): Metabolism, ascorbic 
acid deficiency effect, Murray and 
Morgan, dOl 

Potato phosphorylase activators, na- 
ture, Prochl and Day, 667 

Carcinogen esl s ; Methyl cholan threne, 
epidermis biotin, choline, inositol, p- 
aminobenzoic acid, and pyridoxine, 
Tatum, Ritchey, Cowdry, and Wicks, 

675 

— , — vitamins, Tatum, Ritchey, 
Cowdry, and Wieks, 675 
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Ciroteae: -DcstroyinE system, alfalfa, 
enz>me nattire, MiUhcU and Hauge, 

7 

Cssein: Hydrolysate, acid, with trypto- 
phane, nitrogen equilibrium, eSect, 
Kade, Houtlon, Krauel, and Sahyun, 

185 

Cell: Structure, fatty acid oHdation, re- 
lation, Potter, 437 

Chlct: Growth factor, manure, Rubin 
and Bird, 3S7, 393 

, — , preparation and properties, 

Rubin and Bird, 393 

Nutrition, Lactobacillus casei factor, 
Hutchings, Olcson, and Stol:siad, 

44 / 

Cholanthrene; Methyl-. Sec Methyl- 
, cholanthrene 

Choline: Acetyl-, nerve axon, formation, 
Xachmansohn, John, and Berman, 

475 

Acetylase, Kachmansokn, John, and 
Berman, 475 

Epidermis, raethylcbolanthrene car- 
cinogenesis, Tatum, Ritchey, Cotedry, \ 
and Wicks, 6"5, | 

Cholinesterase; Xachmansohn, Coates, 
and Rothenberg, 39 

HUsopropyl fluorophosphate effect, 
mechanism, Mazur and Badansky, 

261 

Citric acid: Iso-, synthesis, Pucher and 
Vickery, 169 

Conjngase: Vitamin B„ kidney. Bird, 
VandenbeU,and Pfiffner, 619 

Copper: Nucleic acid purification, effect, 
Zitlle, 111 

Ribonucleinase, effect, Zfillc, 111 
Zinc toxicity, effect. Smith and Larson, 

Com : Pellagragenic agent, IT oolley, 29 

773 

Cyanide; Methemoglobin and cyto- 
chrome oxidase effect in ritro, 
•dlbavm, Tepperman, and Bodansky, 

611 

Cystine: Homo-. See Homoeystine 

Cytochrome: Oxidase, methemoglobin 
and, cyanide, effect in ciiro, Albaum, 
Tepperman, and Bodansky, 611 


D 

Dentin: Strontium adsorption, radio- 
active isotope in studv. Bodge, 
Gaceit, and Thomas, 1 

Desthlobiotin: Thiourea analogue, 

Broum and du Vigneaud, 761 

Dextran: Synthesis from sucrose, en- 
zymatic, Hehre, 221 

Diabetogenic action: Alloxan, chemical 
structure relation, Eidy, ^ 

Diet: Preexperimental, homoeystine 

utilization, effect, Bennett, 247 
See also Food 

DUsopropyl fluorophosphate: Cholin- 
esterase activity effect, mechanism, 
Mazur and Bodansky, 261 

Dinncleotide: Flavin-adenine- atabrine, 
quinine, and other compounds, d~ 
amino acid oxidase effect, E eUerman, 
Lindsay, and Boramick, 553 


Egg: Salmon, inorganic constituents, 
Eayes, Darey, and Sullivan, 621 

Electric tissne: Enzyme activity and ac- 
tion potential voltage, relation, 
Xachmansohn, Coates, and Rothen- 
berg, 

Electrolyte(s): Blood, equilibrium, over- 

breathing effect, Repoport, Sierens, 
Engel, Ferris, and Logan, 411 

Enamel; Strontium adsorption, radioac- 
tive isotope in study, Hodge, Garetl, 
and Thomas, _ ^ 

Enzyme(s): Activity, mechanism, 

Rolhen, 

Carotene-destroying system, alfalfa^, 
Mitchell and Eauge, < 

Dextran syntheas from sucrose, effect, 
Eehre, . 221 

Electric tissue, action potential and, 
relation, Xathmansohn, Coates, and 
Rothenberg, 

Flavo-, catalysis, Hellerman, Lindsay, 
and Boramick, 6^ 

Quinine-oxidiring, liver aldehyde oxi- 
dase, relation, Knoz, ^ _699 

Respiratory, tissne, determination. 
Poller, 
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En 2 ymo( 8 ) — continued: 

I - Tyrosyl - I - lyeyl - I - glutamyl - 1 - 
tyrosine, synthesis nnd degradation, 
Plcnll and Page, 49 

See also Acetylase, Adenosinetriphos- 
phataso, /3-Amylnsc, Antinvasin, 
Cholinesterase, Conjugnso, Oxidase, 
Peptidase, Phosphatase, Phosphoryl- 
aso, Proinvasin, Ribonucleinaso, Ty- 
rosinase 

Epidermis: Mcthylcholanthrcno carcino- 
genesis, biotin, choline, inositol, p- 
aminobcnzoic acid, and pyridoxino, 
Tatum, Ritchey, Cowdry, and Wicks, 

076 

Vitamins, methylcholanthrcno carcino- 
genesis, Tatum, Ritchey, Cowdry, and 
ITTcits; 675 

Esterase: Choline. See Cholinesterase 

F • 

Fatty acid (s'): Muscle, metabolism, 
higher fatty aldehydes, relation, 
Erhlich and Waelsch, 195 

O.xidation, cell structure, relation. 
Potter, 437 

Flbrlnolysln : Streptococcal, Loomis and 
Smith, 767 

Fish: See also Salmon 
Flavacldln: Chemical constitution. Fried, 
Koerber, and Wintersteiner, 341 
Flavin: -Adenine-dinuoleotide, atabrine, 
quim'ne, and other compounds, d- 
amino acid oxidase effect, Hellerman, 
Lindsay, and Bovamich, 653 

Flavoenzyme: Catalysis, Hellerman, 
Lindsay, and Bovamick, 553 

Folic acid: Perosis and, Daniel, Farmer, 
and Norris, 349 

Streptococcus faecalis and Lactobacillus 
casei, effect, Johnson, 255 

Food(s): Methionine determination, 
Csonka and Denton, 329 

See also Diet 

G 

Glucose: Oxidation, malarial parasites, 
atabrine and adenylic acid, effect, 
Bovamick, Lindsay, and Hellerman, 

535 


Glutamic acid: Metabolism, sulfoxide 
from df-methionine, effect, Borek, 
Miller, Sheincss, and Waelsch, 347 
Glutamine: Metabolism, sulfoxide from 
df-mcthiom’ne, effect, Borek, Miller, 
Sheincss, and Waelsch, 347 

Glycogen: Tissue, determination, micro-, 
van Waglcndonk, Simonsen, and 
Hackelt, 301 

Glycolysis: Anaerobic, brain suspensions, 
Elliott and Henry, 361 

Blood cell, red, aerobic, avian, intra- 
cellular ions, effect, Dische, 675 
Growth: Factor, chick, manure, Rubin 
and Bird, 387, 393 

— , — , — , preparation and properties, 
Rubin and Bird, 393 

I 

I ^ 

Hemoglobin: Met-. See Methemoglobin 
Protoporphyrin IX dimethyl ester 
preparation from, Chu, 713 

Hexachlorocyclohexane: y-, antiinositol 
effect, Kirkwood and Phillips, 251 
Heruronate(s): Blood plasma, determi- 
nation, spectrophbtometric, Deich- 
mann and Dierker, 763 

— serum, determination, spectrophoto- 
metric, Deichmann and Dierker, 753 
Homocystine: Metabolism, intestine and 
liver factors, effect, Bennett and 
Toennies, 235 

Utilization, preexperimental food, ef- 
fect, Bennett, 247 

Hydantoln: Tissue, hydrolysis, Bemheim 
and Bemheim, 683 

Hydroxy acid: Z-, oxidase, Blanchard, 
Green, Nocito-Carroll, and Rainer, 

137 

Hydroxyapatite: Strontium adsorption, 
radioactive isotope in study, Hodge, 
Gavett, and Thomas, 1 

Hypophysectoniy: Blood plasma phos- 
phatase, alkaline, effect, Li, Kal- 
man, Evans, and Simpson, 715 

I 

Inorganic constltoentfs) : Salmon eggs, 
Hayes, Darcy, and Sullivan, 621 
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Inositol: Epidermis, mcthylcholanthrene 
carcicosenesis, Tatum, Ritchey, 
Coudry, and irfcta, G7S 

T-HexacUorocyclohcxane, relation, 
Kirhcood and Phillips, 251 

Intestine: Factors, homocystine metab- 
olism, effect, BenneU and Toennies, 

235 

IttTtslon: Mechanism, Baas, 63, SO, 101 
Iodine: Blood plasma, determination, 
TauTog and Chaihoff, 313 

lon(s): Intracellular, blood cell, red, 
Elycolysis, aerobic, avian, effect, 
Dische, 575 

Inna: Ferrous, colloidal, intravenous ad- 
ministration use, preparation, Eahr^, 

435 

isodtrlc acid: Synthesis, Pucher and 
Vickery, 169 


K 

Kidney: Vitamin conjugase. Bird, 
Robbins, Vandenbell, and Pfffner, 

649 

L 

I^ctohacillus arablnosus: Cultures, 
Hymon and GoHner, 277 

I'actohacUlus easel: Ciiltures, Nymon 
and Gortner, 277 

Factor, chick nutrition. Hatchings, 
Oleson, and Stokslad, 447 

, Streptacaeeus faecalis and Lacto- 
bacillus easei, effect, Johnson, 255 
Folic acid effect, Johnson, 255 

Lactobacillus casei factor effect, 
Johnson, 255 

Medium, microbiolo^cal determina- 
tions, Roberts and Snell, 499 

Vitamin B, conjugate, effect. Bird and 
Robbins, 661 

, effect, Johnson, 255 

Bird and Robbins, 661 

I^ctobacUlus fermentl; Methionine de- 
temunation, protein hydrolysates, 
use, Dunn, Camien, Shankman, and 
Bloch, 677 

Threoiune determimition, protein hy- 
droljaatea, use, Dunn, Shankman, 
Camien. and Rtni-t, 559 


Leuclne-amlnoeiopeptldase: ?-, man- 
ganese, relation. Smith, 15 

liver: Aldehyde oxidase, quinine-oxidiz- 
ing enzyme, relation, Knox, 699 
Homocystine metabolism, effect, 
Bennett and Toennies, 235 

Zinc toxicitv, effect. Smith and Larson, 

29 

Lysozyme: Determination, sriscosiinetrio, 
Meyer and Bahnel, 723 

Plant, Meyer, Bahnel, and Steinberg, 

733 


M 

Malaria; Antimalarial agents, mode of ac- 
tion, Boramich, Lindsay, and Beller- 
man, 523, 53o 

Antimalarials, synthesis. Mead, Rap- 
port, Senear, Maynard, and Koepfli, 

465 

Parasite, glucose oxidation, atabrine 
and adenylic acid, effect, Boramich, 
Lindsay, and Bellerman, 535 

— , metabolism, Boramich, Lindsay, 
and Bellerman, 523, 535 

See also Plasrtodium 
Manganese: I-Leucine-aminoexopepti- 
dase, relation, Smith, 15 

Oxalacetic acid, action, Vennesland, 
Rrona, and Francis, 573 

Manure: Chick growth factor, Rubin and 
Bird, 3S7 , 393 

, preparation and properties, 

Rubin and Bird, 393 

Methemoglobta: Cytochrome omdase 
and, cyanide, effect in n’tro, Albaum, 
Ttpperman, and Bodanshy, 641 
Methionine; dl-, sulfomde from, glutamic 
acid and glutannne metabolism, 
effect, Boreh, Miller, Sheiness, and 
WaeUch, 347 

Foods, determination, Csonha and 
Denlon, 339 

Protein hydrolysates, determination, 
I,aelobacillus fermenii use, Di mn, 
Camien, Shankman, and Bloch, 577 
Proteins, determination, Csonha and 
Denlon, 339 
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Methylcholanthrcnc : Carcinogenesis, 

epidermis biotin, choline, inositol, 
p-aminobenzoic acid, and pyridoxinc, 
Tatum, Ritchey, Cowdry, and Wicks, 

675 

— , — vitamins, Tatum, Ritchey, 
Cowdry, and TT''rcts, 675 

Metmyoglobln; Oxalacetic acid, action, 
V^fincsiartd, Evans, and Arista, 573 
Muscle: Fatty acid metabolism, higher 
fatty aldehydes, relation, Ehrlich and 
Waclsch, 195 

Myoglobin: Met-, oxalacetic acid, action, 
Vcnncsland, Evans, and Francis, 

573 

Myosin: Adenosinetriphosphatasc sepa- 
ration, Palis and Meyerhof, 339 

N 

Nerve: Axon, acetylcholine formation, 
Nachmansohn, John, and Berman, 

475 

Nicotinic acid: Synthesis, tryptophane 
effect, Rosen, Huff, and Pcrlzwcig, 

343 

Nitrogen: Equilibrium, casein acid hy- 
drolysate with trygtophane, effect, 
Kade, Houston, Kraud, and Sahyun, 

185 

Metabolism, tissue slices, Bcrnheirn 
and Bcrnheirn, 203 

Nucleic acid: Purification, coyper and 
calcium, effect, Zittlc, 111 

Ribo-. See Ribonucleic acid 
Nucleinase: Ribo-. Sec Ribonucleinase 

O 

Overbreathing: Blood electrolyte equi- 
librium, effect, Rapoport, Stevens, 
Engel, Ferris, and Logan, 411 

Oxalacetic acid: Manganese action, 
Vennesland, Evans, and Francis, 

573 

Metmyoglobin action, Vennesland, 
Evans, and Francis, 573 

Oxygen action, Vennesland, Evans, 
and Francis, 573 

Oxidase: Aldehyde, liver, quinine- 
oxidizing enzyme, relation, Knox, 

699 


Oxidase — continued: 
d-Amino acid, flavin-adenine-dinucleo- 
tide of atabrinc, quinine, and othe 
compounds, effect, Hellermt: 
Lindsay, and Bovarnick, 53C 

Cytochrome, methemoglobin and, cy- 
anide, effect in vitro, Albaum, Tep- 
perman, and Bodansky, 641 

' i-Hydmxy acid, Blanchard, Green, 
Nocito-Carroll, and Ratner, 137 
Oxyblotln: Biotin sulfone and 7-(3,4- 
urcylcnecyclohexyl)butyric acid ef- 
fect, Axelrod, DeWoody, and Hof- 
mann, 771 

dl-, activity, Axelrod, Pilgrim, and 
• Hofmann, 191 

Oxygen: 0.\alacetic acid, action, Vennes- 
land, Evans, and Francis, 573 
Tension, brain suspension respiration, 
effect, Elliott and Henry, 351 

P 

Pantothenone: Phenyl, reversal of ac- 
tion, amino acid effect, Woolley, 481 
Pantoyltaurlne: Derivatives, anti- 

malarial, Mead, Rapport, Senear, 
Maynard, and Keopfli, 465 

Papilloma: Virus, concentration, 

Sharpies supercentrifuge use7 Taylor, 

283 

— , density and size. Sharp, Taylor, 
and Beard, 289 

Pellagragenlc agent: Corn, Woolley, 773 
Peptidase: Z-Leucine-aminoexo-, manga- 
nese, relation. Smith, 15 

Peptide(s): Dunn, Camien, Shankman, 
and Block, 577 

Dunn, Shankman, Camien, and Block, 

589 

Perosis: Folic acid and, Daniel, Farmer, 
and Norris, 349 

Phenyl pantothenone: Reversal of action, 
amino acid effect, Woolley, 48i 
Phosphatase: Adenosinetri-, myosin, 
separation, Polis and Meyerhof , 339 
Alkaline, blood plasma, hypophysec- 
tomy and adrenocorticotropic hor 
mone effect, Li, Kalman, Evan 
and Simpson, 7 
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Phosphorylase: Potato, carbohydrate ac- 
tivators, nature, Proehl and Day, 

667 

lultary: See also Hypophysectomy 
i-iant: Lysozyme, iltyer, Hahnel, and 
Steinberg, 733 

Transamination, Ravlanen, 637 

Plasmodium lopburae: Blood cell, red, 
separation, saponin use, Boramiek, 
Lindsay, and Hellerman, 523 

Polysaccharide: Blood serum, deter- 
mination, Seibert and Atno, 511 
Porphyrin: Proto-, IX, dimethyl ester, 
preparation from hemoglobin, Chu, 

713 

Potassium: Blood, determination and dis- 
tribution, Bald, 429 

Potato: Phosphorylase, carbohydrate 
activators, nature, Proehl and Day, 

667 

Sweet, proteins, P-amylase relation. 
Balls, Thompson, and Walden, 571 

Prolnvasln: Bacteria, Baas, 39 

Venom, Baas, 39 

Proteln(s); Dunn, Camien, Shanhman, 
and Block, 577 

. Dunn, Shankman, Camien, and Block, 

5S9 


Amino acids, nutritive value, relation, 
Mitchell and Blocl:, 599 

Blood plasma, electrophoresis, heat in 
presence of sugars, effect, Bardt, 
Buddleson, and Ball, 211 

— serum, electrophoresis, heat in pres- 
ence of sugars, effect, Bardt, Buddle- 
son, and Ball, 

Denaturation, pressure and, relation, 
Johnson and Campbell, 6S9 

Hydrolysates, methionine determina- 
tion, Lactobacillus fermenti use, 
Dunn, Camien, Shankman, and 

Block, . . ^ 

^ threonine determination, Lacio- 

1 bacillus fermenti use, Dunn, Shank- 
man, Camien, and Block, 5S9 

’.Methionine determination, Csonka and 
. Denton, 329 

-:Sweetpotato,^-amylase relation. Balls, 

■ , ^jiQj-ipson, and Walden, 571 

jrryrosinase action, Sieer, 145 


Protoporphyrin: IX, dimethyl ester, 
preparation from hemoglobin, Chu, 

713 

Pyrldorlne: Epidermis, methylcho- 

lanthrene carcinogenesis, Tatum, 
Ritchey, Coicdry, and Wicks, 675 

Q 

Qnlnacrlne: See also Atabrine 
Quinine: Flavin-adenine-dinucleotide, d- 
amino acid oxidase effect, Bellerman, 
Lindsay, and Boramick, 553 

-Oxidizing enzyme, liver aldehyde oxi- 
dase, relation, Knoz, 699 

R 

Respiration: Enzymes, tissue, deter- 
mination, Potter, 437 

See also Overbreathing 
Retina: \”itainin Ai replacement by vita- 
min A*, Shantz, Embree, Bodge, and 
Wins, 455 

Ribonucleic add: Hydrolysis, ribonuclei- 
nase and sodium hydroxide use, 
ZiMe, 119 


Rlbonnclelnase: Zittle, 111, 119 


Calcium effect, Zittle, 

111 

Copper effect, Zittle, 

111 

Ribonucleic acid hydrolysis, use, Zittle, 


119 

Soy bean, Schlamovilz and 

Garner, 


487 

— — , isolation, Schlamovilz and 

GameT, 

487 


S 

Salmon: Egg, inorganic constituents, 
Bayes, Darcy, and Sulliran, 621 
Saponin: Blood cell, red, Plasmodium 
lophurae separation, use, Boramick, 
Lindsay, and Bellerman, 523 

Sodium: Blood, determination and dis- 
tribution, Bald, 429 

Soy bean: See Bean 

Spectrophotometer: Beckman, biolo^cal 
materials, detemunation, micro-, 
use, Lourry and Bessey, 633 

Sterold(s): Absorption spectra, Furch- 
gott, Rosenkrantz, cr,d Shorr, 375 
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Streptococcus: Fibinolysin, Loomis and 
Smith, 767 

Streptococcus faecoHs: Folic acid effect, 
Johnson, 255 

Heat-labile factor, Coopcrman, Rucga- 
mcr, Snell, and Elvehjem, 769 

Lactobacillus casci factor effect, 
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